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Abstract  

In recent years, 3D camera products and prototypes based on Integral imaging (II) 

technique have gradually emerged and gained broad attention. II is a method that 

spatially samples the natural light (light field) of a scene, usually using a microlens array 

or a camera array and records the light field using a high resolution 2D image sensor. 

The large amount of data generated by II and the redundancy it contains together lead to 

the need for an efficient compression scheme. During recent years, the compression of 

3D integral images has been widely researched. Nevertheless, there have not been many 

approaches proposed regarding the compression of integral videos (IVs).  

 

The objective of the thesis is to investigate efficient coding methods for integral videos. 

The integral video frames used are captured by the first consumer used light field camera 

Lytro. One of the coding methods is to encode the video data directly by an 

H.265/HEVC encoder. In other coding schemes the integral video is first converted to an 

array of sub-videos with different view perspectives. The sub-videos are then encoded 

either independently or following a specific reference picture pattern which uses a MV-

HEVC encoder. In this way the redundancy between the multi-view videos is utilized 

instead of the original elemental images. Moreover, by varying the pattern of the sub-

video input array and the number of inter-layer reference pictures, the coding 

performance can be further improved. Considering the intrinsic properties of the input 

video sequences, a QP-per-layer scheme is also proposed in this thesis. Though more 

studies would be required regarding time and complexity constraints for real-time 

applications as well as dramatic increase of number of views, the methods proposed in 

this thesis prove to be an efficient compression for integral videos.  
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ii 

Acknowledgements  

This master thesis is conducted at the department of Visual Technology, Ericsson 

Research, Kista, Sweden. 

I would like to give my special thanks to my supervisor Julien Michot at Ericsson 

Research, who helped me through the difficulties during the thesis and offered me 

constructive advices, valuable instructions as well as careful review of the thesis.   

My thanks also go to my examiner Markus Flierl, who carefully examined the thesis 

and offered valuable suggestions regarding the thesis structure and the writing.  

My thanks further extend to the people working (or worked) in the department of 

Visual Technology at Ericsson Research, especially to Thomas Rusert, Andrey Norkin, 

Martin Pettersson, Ruoyang Yu, Usman Hakeem, Ying Wang and Mehdi Dadash Pour 

for their advices and help during the seven months at Ericsson.  

Last but not the least; I would like to thank my parents and grandma, for always 

believing in me and supporting me throughout this amazing journey.  

  



iii 

Contents 

Abstract ................................................................................................................. i 

Acknowledgements ............................................................................................. ii 

List of Figures ...................................................................................................... v 

List of Equations ................................................................................................ vi 

List of Tables ...................................................................................................... vi 

Abbreviations ..................................................................................................... vii 

Chapter 1 ............................................................................................................... 1 

1.1 Problem description .......................................................................................... 1 

1.2 Thesis outline .................................................................................................... 3 

Chapter 2 .............................................................................................................. 4 

2.1 3-dimensional imaging ...................................................................................... 4 

2.1.1 3D imaging basics ...................................................................................... 4 

2.1.1.1 Depth perception .................................................................................... 4 

2.1.1.2 Depth cues in the human visual system ................................................... 4 

2.1.1.3 Depth map .............................................................................................. 5 

2.1.2 Conventional 3D techniques....................................................................... 6 

2.1.3 Integral Imaging......................................................................................... 7 

2.2 Light field photography ..................................................................................... 8 

2.3 The Light field camera Lytro............................................................................. 9 

2.3.1 The camera structure ................................................................................ 10 

2.3.2 The camera features ................................................................................. 10 

2.3.3 The Lytro file formats .............................................................................. 12 

2.4 The High Efficiency Video Coding (HEVC) Standard and its extensions ........ 13 

2.4.1 The HEVC Standard ................................................................................ 14 

2.4.2 The Multiview extension of HEVC (MV-HEVC) ..................................... 15 

2.5 Assessment metric .......................................................................................... 16 

2.5.1 Subjective assessment .............................................................................. 16 



iv 

2.5.2 Objective assessment ............................................................................... 17 

Chapter 3 ............................................................................................................. 18 

3.1 Previous compression approaches of Integral Images ...................................... 18 

3.1.1 Integral image compression based on elemental images (EIs) ................... 18 

3.1.2 Integral image compression based on sub-images (SIs) ............................ 19 

3.2 Pre-processing of Lytro image......................................................................... 21 

3.2.1 Demosaicing ............................................................................................ 21 

3.2.2 Rectification ............................................................................................ 21 

3.2.3 Generate Multi-view sub-videos............................................................... 23 

3.2.4 Vignetting Correction .............................................................................. 25 

3.3 Encoding integral video (IV) with HEVC and its extensions ........................... 27 

3.3.1 Encoding IV with HEVC ......................................................................... 27 

3.3.2 Encoding IV with MV-HEVC .................................................................. 27 

3.3.2.1 Encoding sub-videos using Inter-layer prediction ................................. 28 

3.3.2.2 QP-per-layer scheme ............................................................................ 31 

3.3.3 Rate Distortion Assessment ...................................................................... 32 

Chapter 4 .............................................................................................................34 

4.1 Encoding integral video with HEVC ............................................................... 34 

4.1.1 Encoding performance based on raw integral video .................................. 34 

4.1.2 Encoding performance based on sub-videos ............................................. 37 

4.2 Encoding integral video with MV-HEVC ........................................................ 40 

4.2.1 MV-HEVC and HEVC Simulcast comparison per view ........................... 40 

4.2.2 Comparison of various MV-HEVC encoding patterns .............................. 41 

4.2.3 MV-HEVC encoding using QP-per-layer scheme .................................... 42 

4.2.4 MV-HEVC encoding using C65 and HTM reference model ..................... 43 

Chapter 5 .............................................................................................................46 

5.1 Summary of results ......................................................................................... 46 

5.2 Future work .................................................................................................... 48 

References...........................................................................................................49 

  



v 

List of Figures 

Figure 2.1: A typical Integral Imaging system ................................................................8 

Figure 2.2: 5D plenoptic function in 3D space ................................................................9 

Figure 2.3: The inside structure of Lytro ...................................................................... 10 

Figure 2.4: Lytro refocusing ......................................................................................... 11 

Figure 2.5: A depth map extracted from IMG-dm.lfp file ............................................. 13 

Figure 2.6: A typical HEVC video encoder (with decoder modeling elements shaded in 

light gray) ..................................................................................................................... 15 

Figure 2.7: Illustration of MCP and DCP ..................................................................... 16 

Figure 3.1: EIA-to-SIA transformation ......................................................................... 19 

Figure 3.2: Rearrangement of 2D SIA into a sequence of SI by spiral scanning [32]..... 20 

Figure 3.3: Demosaicing of Lytro raw image................................................................ 21 

Figure 3.4: Microlens array grid before and after rotation, the most upper-left corner ... 23 

Figure 3.5: Slicing of elemental images ........................................................................ 24 

Figure 3.6: Plot of microlens image showing the discarded pixels ................................ 25 

Figure 3.7: Sub-images at different view point positions .............................................. 25 

Figure 3.8: Vignetting correction of the sub-image view1 ............................................ 26 

Figure 3.9: Coding structure of a MV-HEVC encoder using inter-view prediction ....... 28 

Figure 3.10: Various inter-layer reference picture structure patterns ............................. 30 

Figure 3.11: Rate distortion metrics of different coding schemes .................................. 33 

Figure 4.1: Encoding performance of raw integral video encoding using HEVC........... 35 

Figure 4.2: PSNR_2 of the sub-videos transformed from the reconstructed raw integral 

video ............................................................................................................................. 35 

Figure 4.3: Enlarged region of sub-videos at viewpoint position #45 ............................ 36 

Figure 4.4: Enlarged region of (a) original and (b) decoded raw sequence, 1st frame .... 36 

Figure 4.5: Extracted sub-videos #41 of different QP, 1st frame ................................... 37 

Figure 4.6: Encoding performance of simulcast scheme ............................................... 38 

Figure 4.7: Encoding performance of HEVC Raw encoding and Simulcast encoding 

based on sub-videos ...................................................................................................... 39 

Figure 4.8: Comparison of sub-video view45, QP = 45, 1st frame ................................ 40 



vi 

Figure 4.9: Comparison of PSNR per view at different QP values ................................ 41 

Figure 4.10: Encoding performance of various MV-HEVC patterns ............................. 42 

Figure 4.11: Encoding performance of QP-per-layer scheme ........................................ 43 

Figure 4.12: Encoding performance of two MV-HEVC encoders, encoding pattern 

Spiral ............................................................................................................................ 44 

Figure 4.13: Encoding time of two MV-HEVC encoders, encoding pattern Spiral ........ 45 

 

List of Equations 

(2.1) .............................................................................................................................. 17 

(2.2) .............................................................................................................................. 17 

(3.1) .............................................................................................................................. 22 

(3.2) .............................................................................................................................. 31 

 

List of Tables 

Table 3.1: Views encoded using only 1 fixed reference picture ..................................... 29 

  



vii 

Abbreviations 

II   Integral Imaging 

IV   Integral video 

EI   Elemental image 

EIA   Elemental image array 

SI   Sub-image 

SIA   Sub-image array 

H.264/AVC  H.264 / MPEG-4 / Advanced Video Coding 

MVC   Multiview Video Coding, extension of H.264 

HEVC   High Efficiency Video Coding 

MV-HEVC  Multiview extension of HEVC 

3D-HEVC  3D extension of HEVC 

PSNR   Peak Signal-to-noise ratio 

BD-rate  Bjøntegaard delta rate 

HM   HEVC test model 

HTM-DEV-0.3 MV-HEVC reference software 

3D-HTM  3D-HEVC test model 

QP   Quantization parameter 

IL   Inter-layer 

CU   Coding unit 

  



1 

Chapter 1  

Introduction  

 

1.1 Problem description 

With the constant demand of users for more immersive, accurate and closer to reality 

viewing experiences, the visual technologies have evolved all the time to satisfy the user 

demand in the entertainment industry and scientific community. Since the revolution of 

color display and high-definition (HD) imaging, new imaging technologies and video 

formats have been developed in the purpose of improving the viewing experience. As the 

next major step, 3D video technology has gained momentous attention and research in 

recent years.  

Many approaches regarding the acquisition and display of 3D images have already 

been established, including stereoscopic and autostereoscopic 3D imaging. Stereoscopy 

is a technique for creating or enhancing the depth sensation based on binocular disparity 

(or parallax), which is provided by the different position of the two eyes. However, this 

technique faces several limitations, such as the requirement of special glasses or head 

mounts, no motion parallax (i.e., when the viewer moves the view point remains the 

same) and possible eye strains caused by the accommodation-convergence mismatch [1]. 

Though with the recent advances, some of the human factors causing eye fatigue have 

been suppressed, some intrinsic factors causing “unnatural viewing” still exist in most of 

the stereoscopic 3D techniques [2, 3]. 

On the other hand, autostereosopy refers to the method of displaying images with the 

required disparity at the exit pupils without the usage of special glasses or head gears. 

Currently there are two broad autostereoscopic approaches to accommodate motion 

parallax and wider viewing angles, such as eye-tracking and multiple views display 

(including binocular views). As a promising autostereoscopic technology, Integral 

Imaging (II) [4], which is also known as holoscopic imaging, exhibits certain advantages 

such as glasses-free viewing, continuous motion parallax throughout the viewing zone, 

multiple viewer at the same time as well as fatigue-free viewing. By introducing a 

microlens array or a pin-hole array, II samples the 4D light field information on a 2D 

medium and the recorded information can be replayed as a full 3D optical model. In 

addition, the sub-images extracted from the 2D image data exhibit high similarities but 

different view perspectives, which can be used for stereoscopic or multiview display. 
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Thanks to its advantages, Integral Imaging is now accepted as a prospective candidate for 

the next generation 3D television [5, 6].  

Recently, camera prototypes and products have emerged based on II technology [7-9]. 

These cameras are called as light-field cameras, or plenoptic cameras [8], since they use 

a microlens array to capture the directional lighting distribution at each sensor location 

instead of only the amount of light in conventional cameras.  Each microlens captures a 

tiny image of the original scene with different view perspectives and the microlens 

images together form a 2D image. From the captured 2D image the 3D image can be 

reconstructed by the same usage of an over-laid microlens array. The reconstructed 3D 

image quality depends not only on the dimension of the microlens array, but also on the 

resolution of each microlens. In order to obtain a decent 3D image quality and resolution, 

the plenoptic cameras usually adopt a high resolution sensor, generating a large amount 

of data.  

Integral video comprises of video frames which are integral images. In order to make 

integral videos delivery and storage feasible over limited bandwidth and storage media, 

an efficient encoding algorithm is required considering the large amount of the data 

captured by the high resolution sensor. The small images, or the elemental images (EIs) 

captured by each microlens exhibit significant correlation between their adjacent 

neighboring EIs due to the small angular disparity between the adjacent microlenses. 

This self-similarity can be exploited for improving coding efficiency. However, for a 

microlens array with a fine pitch (the dimension of microlens), the resolution of each 

elemental image is fairly low and this impairs the redundancy among the total elemental 

images. Another scheme is to generate an array of sub-images from the picked up 2D 

elemental image array. The generated sub-images exhibit high similarities with multiple 

view perspectives and can be exploited as multiview video contents for more efficient 

video coding algorithms.  

The new High Efficient Video Coding (HEVC) standard is expected to improve the 

coding efficiency of the state-of-art H.264/AVC video coding standard by 50%. 

Developed by the ISO/IEC Moving Picture Experts Group (MPEG) and ITU-T Video 

Coding Experts Group (VCEG) jointly, the first version of the standard was completed 

and published in early 2013 [10]. Several extensions to the technology remain under 

active development, including the 3D extension 3D-HEVC and multiview extension 

MV-HEVC. 

 Based on the most up-to-date HEVC encoder and its extensions, we proposed several 

methods for encoding the integral videos. The integral videos we used as test sequences 

are obtained from pictures taken by a plenoptic camera called Lytro, which is the first 

consumer used light field camera. One approach is to encode the raw integral video using 

HEVC to exploit the cross-correlation among the elemental images. In the second 
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scheme, the picked up 2D image data is transformed to an array of sub-images first and 

the multiview sub-videos are later formed by the sub-images. In order to exploit the high 

redundancies among the sub-videos, MV-HEVC encoder is adopted to encode the sub-

videos as input multiview sequences. Since a depth map can be estimated from the 

integral image taken by the Lytro software, a 3D-HEVC encoder is employed in the third 

scheme to encode the sub-videos together with the depth video.  

 

1.2 Thesis outline 

The thesis is structured as follows: 

Chapter 2 introduces the background knowledge of 3D imaging techniques, integral 

imaging basics, the plenoptic camera Lytro we used for data acquisition, the HEVC 

encoding standard and its extensions MV-HEVC and 3D HEVC as well as the objective 

evaluation metric of video coding. 

Chapter 3 presents the approaches we used for integral video compression, including 

previous approaches for encoding integral images, pre-processing of the light field image 

taken by Lytro and encoding the integral videos using HEVC, MV-HEVC as well as 3D-

HEVC.  

Chapter 4 gives the encoding results of the 3 schemes introduced in chapter 3. 

Encoding performance of different schemes is also evaluated in this chapter. 

Chapter 5 draws conclusions from the results and gives important aspects of this 

thesis. 
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Chapter 2  

Background 

 

2.1 3-dimensional imaging 

2.1.1 3D imaging basics 

2.1.1.1 Depth perception 

As the dominant sense of human beings to perceive the world around us, vision offers 

information of objects in 3 dimensions: width, breadth and depth. Depth perception is the 

visual ability to perceive the distance of a 3D object. The human visual system has been 

developed in order to give the precise perception of the depth within a certain range. A 

major means of achieving depth perception is by binocular vision, where the two pupils 

at different positions create binocular disparity, thus the right and the left eye observe the 

same scene with a slightly different view perspective. The human brain uses the 

binocular disparity to calculate the depth information and perceive the scene by fusing 

two images acquired by two eyes together, creating a single imaged scene despite each 

eye having its own image of the scene.  

2.1.1.2 Depth cues in the human visual system 

The human visual system uses various depth cues to interpret depth information in the 

sensed visual image and determine the distances of objects. Depth cues can be divided 

into two categories: physiological cues low-level sensory cues or psychological high-

level cognitive cues [1, 3]. Some of the physiological cues are binocular (two eyes) cues 

while others can be monocular (one eye) cues. All psychological cues are monocular.   

Physiological depth cues are comprised of accommodation, convergence, binocular 

parallax and monocular movement parallax, from which only convergence and binocular 

parallax are binocular depth cues.  

Accommodation: the ability of changing the focal length of the eyes, thus to focus on 

objects at different distances. 

Convergence: the difference in the direction of the eyes when viewing objects at 

different distances. 
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Binocular parallax: the images sensed by the two eyes are slightly different because 

of changing of view perspective. This difference is called binocular parallax and it is 

the most important depth cue in terms of medium viewing distances.  

Monocular motion parallax: the depth can still be perceived with only one eye while 

the viewer moves. This is due to the object projections translate on the retina. For 

further away objects this translation is slower than for the closer objects. In this way 

the human visual system can extract depth information based on the two images 

sensed after each other.  

Psychological depth cues are monocular since they can be triggered either in viewing 

a 2D image with two eyes or viewing a 3D scene with only one eye, thus providing 

partial depth perception. They consist of occlusion, retinal image size, linear perspective, 

texture gradient, aerial perspective, shades and shadows.  

Occlusion: if object A is partially covered (occluded) by object B, then object B is 

closer to the viewer than object A. 

Retinal image size: if the actual size of the objects or the relative size of an object to 

others is known, the distances of the objects can be determined based on their sensed 

sizes. 

Linear perspective: when looking down a straight road, the parallel sides of the road 

would seem to converge in horizon. This is the depth cue often used in determining 

the scene depth. 

Texture gradient: if the object is closer to the viewer, the more detail of its surface 

texture can be observed. Thus the objects with smoother texture would be interpreted 

further from the viewer. 

Aerial perspective: in real world, the light doesn’t travel in a homogeneous manner, 

thus the contrast and colors of the objects decays as the distance increases. For 

instance, the mountains in the horizon would have a blue or grey tint. 

Shades and shadows: if objects are illuminated by the same light source, then the 

object shadowing the other is closer to the light source. The brighter objects also seem 

to be closer for the viewer than the darker objects. 

2.1.1.3 Depth map 

In 3D computer graphics a depth map is referred to as an image or image channel that 

contains information regarding the distance of the surfaces of 3D objects from a certain 

viewpoint [11]. A depth map is a two-dimensional array where the x and y distance 

information corresponds to the rows and columns of the array as in an ordinary image, 
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and the corresponding depth readings (z values) are stored in the array's elements (pixels). 

The "z values" comes from a convention that the central axis of view of a camera is in 

the direction of the camera's Z axis, and not to the absolute Z axis of a scene. 

2.1.2 Conventional 3D techniques  

It would be ideal if a painting or a screen would look exactly as if a plain glass window 

to see through the real world. Artists use various methods to indicate spatial depth, such 

as color shading, distance fog, perspective and relative size. Ever since the invention of 

photography at the beginning of 19
th
 century, people are constantly seeking for 3D 

imaging and display methods to depict the distances of the objects in a 3D scene. In real 

life, the views of the left eye and the right eye from a same scene are slightly different in 

viewing perspective due to the distance between the two pupils. Thus in 3D display, the 

viewer is expected to perceive the depth of the image by viewing pictures with different 

perspective separately. 

Stereoscopy is a technique for creating an illusion of depth in an image by means of 

binocular vision. Most stereoscopic 3D techniques offer temporal or spatial multiplexing 

of the images acquired by the left and right eye. The two images are then combined and 

processed by the brain to give the perception of depth. This requires the viewer wearing 

special glasses or head gears. The conventional stereoscopic 3D techniques include 

color-multiplexed (anaglyph), time-multiplexed and spatial-multiplexed (polarization) 

approaches [3, 12]. The anaglyph imaging presents two views simultaneously by 

different colors while the spatial-multiplexed technique usually contains two LCD screen 

layers for the right and left eye. 

The stereoscopic-based 3D technology may cause eye-strain, fatigue and 

uncomfortable headaches for the viewers because the viewers are forced to focus on the 

screen plane (accommodation) while their eyes actually converge in a different plane 

(convergence). This mismatch of accommodation and converges creates the conflict in 

the depth cues. The cross talk due to the leakage of the two views can also affect the 

viewer in bad quality screens. Moreover, as there are only two views presented, the 

motion parallax depth cue is not provided, which limits the viewing and depth perception 

at a fixed position and also gives conflict when the viewer moves. Another limitation is 

the requirement of special glasses or head mounts, which is cumbersome in the user point 

of view.  

In order to cope with the limitations of stereoscopic imaging, auto-stereoscopic 3D 

techniques are emerging in recent years and aspire to be the next generation of 3D 

techniques that enable multiple bared eye viewers and fatigue free viewing [5, 6].Two of 

the most promising alternatives are holography and integral imaging (also known as 

holoscopic imaging or plenoptic display). Holography requires the use of a laser or 
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projectors, a beam splitter and light intensity recoding medium to generate the hologram, 

which is the interference pattern of the reference beam and the object beam. The 

reconstruction of the 3D image requires a laser beam identical to the original light source 

The beam is diffracted by the surface pattern of the hologram and this produces a light 

field identical to the one originally produced by the 3D object [13]. However, due to the 

coherent light beam required to record the hologram, the use of holography is still limited 

and confined to research laboratories. On the other hand, integral imaging does not 

require the coherent light sources as in holography. With recent advances in theory and 

manufacturing, it has become a practical and promising 3D display technology and is 

now accepted as a strong candidate for the next generation 3D TV [14]. 

2.1.3 Integral Imaging  

Integral imaging (II) was first proposed by Gabriel Lippman as Integral Photography in 

1908. II is an Autostereoscopic 3D display method which means the viewers are not 

required to wear special headgears or glasses. It achieves the 3D imaging by placing a 

homogenous microlens array in front of the image plane, thus creating an integral image 

which consists of a large number of micro-images that are closely packed. In this way the 

single large aperture of a camera is replaced by a multitude of small apertures [15]. The 

term “integral” comes from the integration of the micro-images into a 3D image by the 

use of the lens array. The micro-images captured by the lenses are often referred to as 

elemental images (EIs) and they together form an elemental image array (EIA). The 

microlenses in the lens array can take different forms: spherical, rectangular or 

cylindrical. The microlenses can also be packed in different patterns, such as rectangular 

or hexagonal. Thus the EIs in different systems would have different shapes or packing 

patterns.  

Figure 2.1 depicts a typical integral imaging system comprising two parts: capture 

(pick-up) and display (reconstruction). During the capture process, the ray information 

emanating from the 3D objects are picked up by the microlens array, forming an array of 

EI on the CCD image sensor. Each EI views the scene at a slight different perspective to 

its neighbors, thus the scene is capture from different viewpoints and the parallax 

information is stored. During the display, the reconstruction of a 3D image is achieved by 

placing a microlens array on top of the recorded EIA. By illumination of diffuse white 

light from the rear, the object image is reconstructed by the intersection of the rays 

emanating from the microlens array and the viewer is able to observe the pseudoscopic 

3D image of the objects. The pseudoscopic image means that the depth information is 

inverted and can be converted to an orthoscopic image [16]. However, comparing to 

several emerging consumer targeted camera prototypes and products using Integral 

Imaging, there is no display product commercially available implementing this technique 

at this moment.  
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Integral Imaging offers bare-eye and fatigue free viewing, enables multiple viewers at 

a certain viewing angle as well as provides horizontal and vertical parallaxes when the 

user moves. The resolution of the reconstructed 3D image depends on the number of the 

EIs as well as the resolution of each EI. Camera array is often used to replace the 

microlens array for higher resolution and viewing quality. As the number of EIs and their 

resolution increase, the demand of the 3D data to be coded and processed would see a 

massive increase.     

 

Figure 2.1: A typical Integral Imaging system 

 

2.2 Light field photography 

By employing a microlens array, II captures not only the total amount of light 

distribution at each microlens location, but also the directional information of the light 

rays. Thus the sampled 4D light field is recorded. The light field is a function (also refers 

to as plenoptic function) that describes the amount of light faring in every direction 

through every point in space.  

The 5D plenoptic function:  In geometric optics, ray is used to represent the 

fundamental carrier of the light. The radiance L is denoted by the amount of light faring 

along a ray. The radiance along all such rays in a region of 3D space illuminated by an 

unchanging arrangement of lights is called the plenoptic function               [17]. 

The rays in space can be parameterized by a 5D function with three coordinates       

and two angles    , as shown in Figure 2.2.  

The 4D plenoptic function:  If we consider only the convex hull of the object, the 5D 

plenoptic function contains one redundant dimension since the radiance along a ray 
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remains constant from point to point in the space. In this case, it is sufficient to define the 

4D light field as radiance along rays in free space.  

 

Figure 2.2: 5D plenoptic function in 3D space 

A light field or plenoptic camera is a camera that captures the 4D light field 

information of a 3D scene.  The first light field camera was proposed by G. Lippman 

using integral imaging technology. In 1992, Adelson and Wang proposed the design of a 

light field camera using a microlens placed at the focal plane of the camera main lens and 

in front of the image sensor [7]. In their proposition, the depth is deduced by analyzing 

the continuum of stereo views generated from different portions of the main lens aperture.  

To reduce the drawback of low resolution of the final images in the previous design, 

Lumsdaine and Georgiev developed the focused plenoptic camera (known as Plenoptic 

2.0) where the microlens array is positioned before or after the focal plane of the main 

lens [9]. This modification would allow for a higher spatial resolution of the refocused 

images but introduces aliasing artifacts at the same time. Another work-around is to use 

low-cost printed film (mask) instead of the microlens array. This plenoptic camera 

overcomes limitations such as chromatic aberrations and loss of boundary pixels, though 

it would reduce the amount of comparing to the microlens array.  

It is until recent time that the plenoptic cameras are starting to target the markets 

rather than being confined within laboratory research. Raytrix released the first 

commercial plenoptic camera with a focus on industrial and scientific applications [18]. 

On the other hand, Lytro is the first consumer targeted light field camera.   

 

2.3 The Light field camera Lytro 

Founded in 2006 by Ren Ng, shortly after the publication of his doctoral dissertation on 

“Digital Light-field Photography”, Lytro, Inc. is a light field camera company that offers 
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the first consumer targeted plenoptic camera named Lytro [19]. Lytro also provides 

desktop and mobile application for image processing and management. 

2.3.1 The camera structure  

 

Figure 2.3: The inside structure of Lytro 

Figure 2.3 illustrates the inside structure of Lytro. The camera consists of an f/2 main 

lens with 8× optical zoom, a hexagonally packed microlens array, a 3280×3280 light 

field image sensor, a USB power board, battery, main processor board, a zoom control 

sensor, a wireless board and LCD display. All of them are integrated into a 4.41×1.61 

inches tube.   

Lytro samples the 4D light field on its image sensor in a single photographic exposure. 

It achieves this by placing a microlens array between the image sensor and the main lens. 

According to the hexagonal arrangement of the microlenses, the total number of 

microlenses is roughly 328×378 = 123984. Each microlens forms a tiny image of the lens 

aperture onto the image sensor, measuring the directional light distribution at the position 

of the microlens.  

2.3.2 The camera features  

Though looks slightly different with a conventional camera, Lytro operates exactly the 

same – the working of the view finder, the ISO parameter and the length of exposure are 

identical.  

The camera supports both auto and manual mode. The ISO range is 80 (min) to 3200 

(max) and the shutter speed ranges from 1/250s to 8s. A Neutral Density (ND) filter can 

be turned on when manual setting is chosen, this is to reduce the intensity of the light 

reaching the sensor so that overexposure is prevented.  
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Lytro also supports two shooting modes: “everyday” and “creative”. The creative 

mode allows the user to change the refocus range by using an autofocus motor. The user 

can set the center of refocus range by the touch screen. The depth of field is controlled by 

the zoom of the camera, i.e. the depth of field increases when the user zooms in.  

As a light field camera, Lytro captures not just a 2D image of the scene, but samples 

the set of light rays coming into the camera with slightly different positions. Combined 

with the post-processing algorithms provided by its desktop software, the light 

distribution and directional information enables features such as refocusing, perspective 

shift, depth estimation and fast speed shooting. 

Refocusing: after an image is taken, the refocusing of Lytro is done by summation and 

rendering of images in different view perspectives. Figure 2.4 shows two images where 

background and foreground are focused separately. 

 

Figure 2.4: Lytro refocusing 

Perspective shift: the Lytro software enables the viewer to observe the image in 

different view perspectives. 

Fast Speed shooting: The shooting speed of Lytro is fast since no focusing is required 

before shooting. 

Depth estimation: the Lytro software is able to estimate a 328×328 depth map based 

on the captured light field image. 

3D video acquisition: At this moment Lytro is only able to capture light field image. 

The light field video is acquired by combining the step-motion images taken by the 

camera. 
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2.3.3 The Lytro file formats  

Lytro provides a desktop software application named Lytro Desktop. The software is 

able to manage the taken images, extract the depth information and import stacks of 

JPEG outputs at different focal depths. The file formats generated by Lytro and its 

software application are as follows. 

Lytro Camera: 

- IMG.lfp: This file contains the raw sensor data captured by the camera, the 

resolution of the image sensor is 3280×3280 and the data is packed in a 12-bit 

Bayer array. There are also metadata files packed in this format, including the 

metadata of image the private metadata. The metadata files contain important 

information for image calibration, including the rotation angle and offsets of the 

microlens array w.r.t the image sensor plane.  

- Data.C.# files: These files are imported to the computer from Lytro the first 

time it connects with the computer. The files contain important backup files for 

the post processing of the taken image. For instance, factory calibration data, 

black and white modulation images for anti-vignetting are included.  

Lytro Desktop Software: 

- IMG-dm.lfp: This file contains the lookup tables of depth and associated 

confidence information. The size of the tables is 328×328. A depth map based on 

the lookup table is shown in Figure 2.5.  

- IMG-stk.lfp: This file consists of refocused image stacks encoded in H.264. If 

perspective shift processing is enabled for the captured image, perspective shift 

image stacks encoded in H.264 will also be enclosed. 

- IMG-stk-lq.lfp:  This file encloses pre-rendered JPEG images focused at 

different depths. 
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Figure 2.5: A depth map extracted from IMG-dm.lfp file 

 

2.4 The High Efficiency Video Coding (HEVC) Standard and 

its extensions 

Video coding is the way of compression and decompression of digital videos. Since the 

compression is usually lossy, there is usually a trade-off between the video quality, the 

amount of data to encode the video (bit rate), the complexity of the video codec, the 

robustness against errors and data loss, random access and a number of other factors. 

Video coding standards have evolved primarily through the development of two video 

coding standardization organizations – the ITU-T Video Coding Experts Group (VCEG) 

and the ISO/IEC Moving Picture Experts Group (MPEG). The ITU-T produced H.261 

and H.263; ISO/IEC developed MPEG-1 and MPEG-4 Visual. The two organizations 

produced the H.262/MPEG-2 and H.264/MPEG-4 Advanced Video Coding (AVC) 

standards in corporation.  

The H.264/AVC was known to have the best coding efficiency among the current 

generation of video coding standards. However, the increasing diversity of devices, 

growing demand for HD video, occurrence of beyond-HD video formats and the demand 

of stereo or multiview display are all calling for an even more efficient video coding 

algorithm superior to AVC.  
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2.4.1 The HEVC Standard 

The High Efficiency Video Coding (HEVC) standard is the most recent joint project 

developed by a Joint Collaborative Team on Video Coding (JCT-VC) of the ITU-T 

VCEG and the ISO/IEC MPEG standardization organizations [10].  The first draft of 

HEVC standard was published in January 2013. In ITU-T, the HEVC standard will 

become ITU-T Recommendation H.265 and in ISO/IEC, the HEVC standard is going to 

become MEPG-H Part 2 (ISO/IEC 23008-2). 

The HEVC standard is designed to achieve several targets, including the coding 

efficiency, the increased video resolution, the ease of transport system integration, and 

the robustness against data loss as well as the usage of parallel processing architectures. 

It is expected to double the data compression ratio comparing to AVC at the same level 

of video quality, or can be alternatively used to improve the video quality significantly at 

the same bit rate.  

A block diagram of a typical HEVC encoder is depicted in Figure 2.6 with the 

decoder modeling elements. The video coding layer of HEVC follows the same “hybrid” 

approach used in all modern video coding standards since H.261, where inter-/intra-

picture prediction and 2D transform coding are employed. In order to produce an HEVC 

compliant bit stream, the HEVC encoding algorithm works as follows. The encoder first 

split each picture into block-shaped regions and the exact block partitioning scheme is 

conveyed to the decoder. Intra-picture prediction is used for the first picture of a video 

sequence, or the first picture of a random access point, where the prediction only uses 

information spatially from region-to-region in the same picture, but has no dependencies 

on other pictures. For the remaining pictures inter-picture prediction is typically used, 

which means the block region is encoded based on blocks of previously encoded pictures 

by motion vectors (MVs).  
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Figure 2.6: A typical HEVC video encoder (with decoder modeling elements shaded in light gray) 

The difference of the encoded block and its prediction, which is the residual signal of 

the intra- or inter-picture prediction, is transformed by a 2D linear spatial transform. The 

transform coefficients are then scaled, quantized, entropy coded and transmitted together 

with the prediction information to from the HEVC compliant bit stream. 

HEVC has been standardized with a primary focus on efficient compression of 

monoscopic video. However, in terms of improving the encoding performance of a new 

set of 3D format video, such as stereo and multiview video, Standardization of HEVC 

stereo and multiview extensions has been developed. The encoder enables multiple video 

inputs simultaneously and the decoder is able to generate a series of multiview output 

need for auto-stereoscopic displays. 

2.4.2 The Multiview extension of HEVC (MV-HEVC) 

The current stereo and multiview video formats are encoded based on the H.264/MPEG-

4 Advanced Video Coding (AVC) standard. AVC provides two primary categories of 

stereoscopic video formats: frame compatible and Multiview Video Coding (MVC). 

Frame compatible refers to the scheme that two stereo views are packed together into a 

single coded frame or sequence of frames. On the other hand, MVC supports inter-view 

prediction to improve the compression performance, apart from the intra- and inter-

prediction modes in AVC. MVC thus enables the direct encoding of the multiview videos 

at their full resolution. 

Recently, a new Joint Collaborative Team on 3D Video Coding Extensions 

Development (JCT-3V) has been formed by ISO/IEC and ITU-T for the development of 
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HEVC extensions on 3D video formats [20]. The Multiview extension of HEVC (MV-

HEVC) [21] utilizes the same design principles of MVC in the AVC framework. For 

coding and transmission of multiview videos, statistical dependencies within the 

multiview sequences have to be exploited. MV-HEVC enables both motion compensated 

prediction (MCP) and disparity compensated prediction (DCP) for multiview video 

coding. As depicted in Figure 2.7, MCP exploits the temporal correlation within each 

view sequence and DCP makes use of the correlation among the view sequences at the 

same time instant. 

 

Figure 2.7: Illustration of MCP and DCP 

MV-HEVC provides backwards compatibility for monoscopic video coded by HEVC 

and the basic block-level decoding process remains unchanged. It allows for the 2D 

single layer designed codec to be extended without major implementation changes to 

support stereo and multiview applications. The current MV-HEVC reference model 

supports up to 64 multiview video inputs and the number of inputs can be furthered 

extended by modification. This extension of HEVC is expected to be finalized by early 

2014. 

 

2.5 Assessment metric 

2.5.1 Subjective assessment 

Subjective assessment of video coding is the only truly way of determining the quality of 

reconstructed video sequences after lossy compression. A reliable subjective assessment 

test group usually consists of a group of people with various background, age and gender. 

The people would be asked to rate the video quality according to presumed guidelines 
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and rules. Though subjective assessment usually provides a good evaluation of the video 

quality, it is generally complicated to perform and time consuming.  

2.5.2 Objective assessment 

Unlike subjective assessment, which usually requires a group of people for test and the 

design of a rating system, objective assessment provides a simple way of determining the 

encoding performance by numerical estimations. Such numerical estimations provide 

valuable insights on an algorithmic or design level. The peak signal-to-noise ratio (PSNR) 

is the most commonly used metric to determine the video quality and is calculated using 

the Mean Squared Error (MSE). MSE is represented by    (2.1) and PSNR is given by 

(2.2).  

         
 

 
 ∑        

  
                (2.1) 

                   
    

   
            (2.2) 

Here,     is given by the mean squared error between the reference frame    and the 

decompressed frame    and the total amount of pixels in a frame is denoted by  .       

is the maximum pixel value, for 8bit compression, it is 255.  

Bjøntegaard delta rate (BD-rate) is a tool to compute the average differences between 

two rate-distortion curves under tested condition and reference condition [22]. The BD-

rate value is presented in percentage and a negative BD-Rate indicates a better 

performing encoder since it corresponds to a lower bit rate at equal quality. On the 

contrary, a positive BD-rate would mean that the reference encoder is better performing 

since it corresponds to an increase in PSNR at equal bit rate. 
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Chapter 3  

Methodology 

 

3.1 Previous compression approaches of Integral Images  

3.1.1 Integral image compression based on elemental images (EIs) 

Though Integral Imaging (II) was originated more than a century ago, it has not become a 

practical and prospective 3D imaging and photography technology until recent years. The 

limitations of II are mainly the manufacturing of the microlens array, the availability of 

suitable 3D displays and the huge amount of 3D data to be processed, stored and 

transmitted. Moreover, the resolution of the reconstructed image depends not only on the 

number of captured elemental images (EIs), but also on the resolution of each EI. Thus 

an increase on the resolution of the reconstructed image would require a massive amount 

of 3D light field data.  

With the recent advances of research on II, there have been several coding approaches 

for integral-images based on conventional image compression algorithms. M. Forman et 

al. proposed an algorithm for unidirectional integral images with only horizontal parallax. 

The algorithm is based on using a variable number of microlens images in the 

computation of the 3-Dimensional discrete cosine transform (3D-DCT) [23]. R. Zaharia 

et al. developed adaptive quantization compression based on the previous 3D-DCT 

compression in [24]. In order to exploit the high cross-correlations between the picked-

up elemental images, other 3D transformed-based algorithms are also investigated. J.-S. 

Jang et al. proposed a hybrid coding scheme using Karhunen-Loeve transform (KLT) and 

vector quantization (VQ) [25].  Moreover, a hybrid compression scheme combining 2D-

discrete wavelet transform (DWT) and 2D-DCT is introduced in [26].  

Considering the elemental images as consecutive video frames, video compression 

schemes can be used to encode the Integral images.  S. Yeom et al. proposed a scheme 

using MPEG-2 to encode the sequence of elemental images [27]. Depending on the 

correlation of the elemental images, various scanning topologies can be employed to re-

order the video frames in the elemental image sequence. For MALT-based (moving 

lenslet array technique) integral images, H. –H. Kang et al. proposed a compression 

scheme that uses H.264 to encode the rearranged elemental images in time-multiplexed 

EIAs [28].  
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However, the compression efficiency of encoding integral images based on EIs is 

highly dependent on the similarities of the elemental images. The degree of similarity 

between the EIs is influenced by the pickup conditions, such as illumination, the position 

of the 3D objects and the specification of a lens/pinhole array. It is worth mentioning that 

in [28], a small number of typically 7x7 EIs is adopted and the resolution of each EI is 

typically 208×208. In this configuration a microlens with very coarse pitch is adopted 

and the EIs are highly correlated. However, in terms of the resolution of reconstructed 

3D image, there is a trade-off between the EI resolution and the total number of EIs. For 

a highly-packed microlens with fine pitch (10×10 pixels in Lytro camera), a more 

efficient approach for II encoding is expected.  

3.1.2 Integral image compression based on sub-images (SIs) 

Another work-around for efficient II compression is based on sub-images (SIs) generated 

from the elemental image array (EIA).  As Figure 3.1 illustrates, all pixels located at the 

same position within each EI is extracted to form a corresponding sub-image. For 

instance, all of the k-th pixels in each EI together form the k-th sub-image. In this way 

the number of generated sub-images equals to the resolution of the EIs and they together 

form the sub-image array (SIA).  

 

Figure 3.1: EIA-to-SIA transformation 

The SIA generated from EIA has several favorable features comparing to EIA. One of 

them is the perspective size of the 3D object among the SIs remains invariant, where the 

perspective size is defined as the size of 3D object projected in each SI [29]. 

Another interesting property is the high similarities among the SIs. Since each SI 

contains the pixels extracted from the same position of the EIs, it contains the ray 

information at the same view-point of all the microlenses. For a certain SI, it comprises 
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of a set of ray information coming from a specific angle in which the 3D object is 

observed [30]. This leads to the extracted SIs represent different perspectives of the 3D 

scene and are very similar to each other. The EIA to SIA transform could provide more 

efficient compression for integral images since the similarities among the SIs are larger 

than those among the EIs.  

Several compression approaches of integral images based on SIs are emerging in 

recent years [30-33]. H. –H. Kang et al. first proposed a compression scheme KLT-based 

compression method using the SIs for 3D integral imaging in 2007 [30]. In order to 

reduce the additional data introduced by motions vectors among the SIs, they later 

proposed an enhanced KLT-based compression approach using Motion-compensated SIs 

(MCSIs) in 2009 [31]. However, taken the spatial redundancy among the SIs into 

account, the compression efficiency needs to be further improved. An approach based on 

combining the residual images generated from SIs and MPEG-4 is proposed by C. –H. 

Yoo et al. [32]. As shown in Figure 3.2, the transformed SIA is first rearranged into a 

sequence of SIs following a scanning topology. The first frame of this SI sequence is 

assigned as the reference image. By computing the difference of the reference image and 

other consecutive SI frames a sequence of residual images (RIs) is generated. The video 

frames of this RI sequence are finally compressed by using MPEG-4 encoder. In 2012, H. 

–H. Kang et al. further improved the previous approach by employing a sequence of 

motion-compensated RIs (MCRIs) instead of RI sequence, in which MPEG-4 is also 

adopted to encode the MCRI video frames [33].  

 

Figure 3.2: Rearrangement of 2D SIA into a sequence of SI by spiral scanning [32] 

The approaches introduced above all address the compression of integral images. On 

the other hand, there are not many schemes that have been proposed in terms of encoding 

integral videos, hence creating the need for efficient algorithms.  

 



21 

3.2 Pre-processing of Lytro image  

Important pickup conditions of the light field image taken by Lytro can be obtained from 

the metadata file extracted from the .lfp files. From the metadata it is known that the 

spherical microlens pitch of Lytro is roughly 14    and the pixel pitch on the CCD 

image sensor is approximately 1.4   , which makes the resolution of each elemental 

image roughly 10 10. On the other hand, sub-images generated from EIA would have a 

resolution equals to the size of the microlens array, which is 328 378. Hence, the cross-

correlation among the SIs is much higher than that among the EIs, which makes the SI-

based compression of Lytro images more efficient. For the coding of integral videos, the 

SIs depicting the same view-point can be concatenated to form a sub-video at the next 

stage.    

In order to compress the light field images based on SI, the raw image has to be pre-

processed, including demosaicing, calibration, vignetting correction and Multiview sub-

image extraction. 

3.2.1 Demosaicing 

Figure 3.3 illustrates the conventional linear demosaicing process of a magnified region 

in the raw light field image. The sensor data captured through the microlens array is 

originally packed in a gray scale RGGB Bayer array. To save space, the image data are 

packed in 12-bits using big-endian, which means 2 12-bit values are contained in 3 bytes.   

 

Figure 3.3: Demosaicing of Lytro raw image 

3.2.2 Rectification 

After demosaicing, the raw image needs to be rectified before further operation. 

Important calibration information is contained in the metadata file, including the 

following information of the microlens array (MLA):  
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"mla" : { 

   "tiling" : "hexUniformRowMajor", 

   "lensPitch" : 1.3999999999999998e-005, 

   "rotation" : 0.0048749442212283611, 

   "defectArray" : [], 

   "config" : "com.lytro.mla.11", 

   "scaleFactor" : { 

    "x" : 1, 

    "y" : 1.000221848487854 

   }, 

   "sensorOffset" : { 

    "x" : -3.0933256149291994e-006, 

    "y" : 3.4453449249267572e-006, 

    "z" : 2.5000000000000001e-005 

   } 

   } 

The microlens array is not perfectly aligned with the image sensor plane – it is rotated 

with a small angle relative to the sensor plane. The sensorOffset values describe the 

offsets between the MLA center and the image plane center in 3-dimensions as it has 

been estimated during a calibration procedure executed by the manufacturer. The scaling 

factor refers to the ratio of microlens height and width, which is useful for determining 

the lens grid. The microlens spacing is a non-integer multiple of pixel pitch, obtained by 

dividing the lens pitch by the pixel pitch. 

Figure 3.4(a) shows an illustration of the microlenses at the most upper-left corner. 

The microlenses are overlaid on a rotated grid relative to the sensor pixels (orange). By 

observing the raw image we assume here that the raw image starts with a complete 

microlens image captured by the blue lens. Given the lens width and height both roughly 

equal to 10 pixels, the center of the first lens image is (4.5, 4.5). By tracing the center of 

the first lens image after rotation, the center positions of the rest of the lens images can 

be estimated based on the lens pitch and the hexagonal arrangement.    

The image is rotated using a 2D matrix transform. Here we denote the rotation angle 

as  . The coordinates         of the point       after rotation are given in (3.1): 

[
  

  
]       [

 
 ]             [

            
           

]      (3.1) 

The upper-left corner of the raw image after rotation is shown in Figure 3.4(b). The 

gray lenses denote the synthetic data outside of the image. The coordinates of the first 

lens (blue) image center can be calculated using an inverse matrix transform. Since the 
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microlenses are aligned with the sensor plane at this moment, by locating the center of 

the first lens image we are able to estimate the center coordinates for the rest of the 

lenses. The lens grid parameters are finally estimated by traversing the microlens image 

centers. 

 

Figure 3.4: Microlens array grid before and after rotation, the most upper-left corner 

 

3.2.3 Generate Multi-view sub-videos 

The rotated EIA is now rectified and ready for sub-image extraction. As depicted in 

Figure 3.5 (a), a simple slicing scheme is adopted, i.e., the raw light field image is 

divided into identically sized, overlapping rectangles centered on the microlens images 

[34]. Since each microlens image covers approximately 10x10 pixels, the rectangles are 

further divided into a 10x10 grid. The sub-image sampling is shown in Figure 3.5(b). The 

microlens indices are denoted by (k, l) and the pixels with the same indices (i, j) are 

collected from all of the microlens images to form the corresponding sub-image. It is 

worth noted that the microlenses at the adjacent rows are shifted by half of the microlens 

width due to the hexagonal padding. Thus the pixels on the odd rows of the final sub-

image are left shifted by 0.5 pixels in order to maintain the same view alignment.  
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Figure 3.5: Slicing of elemental images 

If the image rectification and SI extraction stages are combined, a single 2D bilinear 

interpolation scheme is adopted to convert the rotated, hexagonally sampled data to an 

orthogonal grid. The sampling is based on a 2D rotation matrix transform and 

interpolation along k and l. The extracted sub-images represent multiple view 

perspectives of the 3D scene. By concatenating the sub-images located at the same 

position of the SIA, a set of sub-videos with multiple view perspectives are obtained and 

can be used for video encoding at a later phase. 

However, the rectangular EI model we used here is not accurate enough since there 

are pixels that fall out of the hexagonal microlens image, as shown in Figure 3.6, where 

pixels are denoted by the view index they present. It can be seen that the pixels fall out of 

the range or on certain edges either represent the same view perspective with other views 

or are blended with two views (due to the vertical overlapping of the lenses). If the 

redundant sub-videos are omitted during encoding, it would be able to save a substantial 

amount of data without degrading the 3D imaging display quality. In the final 

implementation, sub-video v1, v2, v3, v8, v9, v10, v91, v92, v99 and v100 are omitted 

and a total number of 90 sub-videos are encoded. Figure 3.7 shows several sub-images at 

different view point positions.  It is worth mentioning that by encoding 90 sub-videos, 

the number of pixels encoded equals to 90×328×378, which is 11158560. Comparing to 

the original raw video resolution 3280×3280 (10758400), the amount of encoded data is 

increased. 
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Figure 3.6: Plot of microlens image showing the discarded pixels 

 

Figure 3.7: Sub-images at different view point positions 

 

3.2.4 Vignetting Correction 

From the magnified region in Figure 3.3 it can be observed that the elemental images 

captured by the microlenses suffer from vignetting effects, i.e. the pixels located on the 

edge of the EI are darker and less saturated than the ones in the center. This is more 

evident in the sub-image view5 in Figure 3.7(a). If a sub-image is generated by collecting 

the pixels affected by vignetting, the sub-image would suffer from undesired aliasing 

(pixels having a different vignetting strength) and shadowing effects. Figure 3.8(a) shows 

a vignette sub-image generated by edge-pixels located in the most upper-left corner in 

the elemental images.  
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Figure 3.8: Vignetting correction of the sub-image view1 

Modulation images are provided for correcting the raw captured data from vignetting 

in the camera backup files named “data.C.#”, which is introduced in section 2.3.3 [34]. 

These images were captured at camera manufacturing time and stored in 12-bit Bayer 

pattern. There exist 62 modulation images captured for the white scene and 2 dark 

modulation images which are useful to eliminate hot pixels. The 62 white modulation 

images are captured with different camera parameters such as focus and zoom of the 

main lens, ISO number and shutter speed. The vignetting correction is done by dividing 

the raw image with its closest modulation image according to the camera parameters. 

Figure 3.8(b) shows the sub-image extracted from the same pixel position (the first 

position) after vignetting correction, from which the dark shadowing area and aliasing 

effect has been suppressed significantly.  

The sub-images extracted from the raw image data exhibit noise caused by small lens 

aperture and camera resampling. In addition, the vignetting correction increases intensity 

and introduces more background noise to the views formed by darker edge pixels. Thus 

the sub-images after vignetting correction can be further smoothened for noise reduction. 

An alternative would be to clean up pattern noise and dark noise of the raw image after 

vignetting correction.  

 



27 

3.3 Encoding integral video (IV) with HEVC and its 

extensions 

During recent years, several approaches for compressing still 3D integral images have 

emerged as referred in section 0. On the other hand, there are not many schemes that 

have been proposed in terms of encoding integral videos (IV). A scheme based on 

Multiview Video Coding (MVC) is proposed in [35] recently. In this scheme, the 

generated sub-images are organized as Multiview sub-video contents. The central view is 

used as the base view and the other views are subsequently coded following a spiral 

scanning order. Similar to this approach, a set of sub-videos can be generated from the 

picked image data by Lytro and are exploited for efficient integral video encoding in our 

proposed scheme.  

3.3.1 Encoding IV with HEVC 

Instead of the conventional integral image compression, we proposed to exploit both 

spatial and temporal redundancies in the raw integral video. H.264 video coding standard 

in previous integral image compression is also replaced by the most up-to-date HEVC 

standard in our implementation.  

Two integral video encoding approaches based on HEVC are implemented. The most 

straightforward approach is to encode the raw integral video directly using HEVC. The 

spatial redundancies among the elemental images are utilized, including the existing 

redundancy within each EI as well as the redundancy between the adjacent EIs. However, 

the amount of similarities among the EIs is limited because of the fine microlens pitch 

(roughly 10x10 pixels), which makes this approach not quite efficient. 

The other scheme is based on sub-video coding. The 90 multiview sub-videos are 

encoded by HEVC independently, though in our implementation this is achieved by 

using a MV-HEVC encoder disabling inter-view prediction for all of the input videos. 

The encoding performance is evaluated by calculating the average peak signal to noise 

ratio (PSNR) for all of the sub-videos. This approach is able to utilize the spatial 

redundancies more efficiently since the sub-images are much more correlated than the 

elemental images and the hexagonal pattern of the microlens array is not encoded in this 

case. Nevertheless, the similarities between the sub-videos are not exploited so far. By 

employing more efficient tools such as MV-HEVC to exploit the correlation among the 

sub-videos, further improvement is expected. 

3.3.2 Encoding IV with MV-HEVC 

In order to further exploit the high similarities among the sub-videos generated from the 

raw IV, a more efficient approach is to encode the sub-videos using a MV-HEVC 
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encoder. As the multiview extension of HEVC, MV-HEVC is able to utilize not only the 

intrinsic redundancies within each input video stream, but also the inter-layer (inter-view) 

redundancies among them.  

3.3.2.1 Encoding sub-videos using Inter-layer prediction   

Here the 90 sub-videos are used as the multiview inputs of the encoder. Inter-view (inter-

layer) prediction is used in the purpose of exploiting the similarities among the sub-

videos. In this thesis various inter-view reference picture structures are devised and 

tested in order to find out the most efficient algorithm. Similar with the temporal 

reference picture structure, the inter-view reference picture of each view can be specified 

in the configuration file of the encoder. We achieved the inter-view prediction by 

modifying the number of IL reference pictures, index of the reference pictures together 

with inter-layer reference picture list L0 (P-frames) and L1 (both P- and B-frames) 

shown in Figure 3.9. Here view0 is encoded independently of other views, view1 (layer1) 

is encoded using view 0 as the only IL reference view while view2 (layer2) is encoded 

using view0 and view1 together as the IL reference views.  

 

Figure 3.9: Coding structure of a MV-HEVC encoder using inter-view prediction 

In our encoding experimentations, the sub-video representing the central view of the 

scene is always selected as the base view and is encoded independently using only intra- 

and inter-mode coding. The rest of the sub-videos are coded subsequently according to a 

specific inter-layer reference picture structure. Both single inter-layer (IL) reference 

picture and multi-IL reference pictures are supported in MV-HEVC. Generally, the more 

inter-layer reference pictures there exist, the more chances that the encoder finds a good 
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block prediction of the current picture. For the experimentation in this thesis, the number 

of IL reference pictures we implemented is limited to single, bi-reference and tri-

reference. This is because as the number of inter-layer reference pictures further 

increases, the improvement of encoder performance is almost negligible while the 

encoding time and complexity become the main limiting factors. 

Figure 3.10 illustrates the IL reference picture patterns we implemented, the encoding 

schemes are named as Spiral, Asterisk, Bi-reference 1 and Bi-reference 2. The sub-

videos are denoted by their corresponding view number, i.e., V1, V2 …, and V100. The 

4 corner views V11, V20, V81 and V90 are named as “Views outside the pattern” in 

Figure 3.10, which means that they are encoded separately from other views and use only 

one fixed reference picture in all coding schemes. How these views are encoded is 

described in Table 3.1. Encoding patterns of the views are shown partly in Bi-reference 1 

and Bi-reference 2 schemes due to the symmetric properties in the 4 encoding directions. 

Though not shown in Figure 3.10, a single IL reference pattern named center-ref is also 

tested, where the base view V45 is used as the only reference view for the rest of the 

views.  

Encoded Sub-video Reference Sub-video 

V11 V96 

V20 V95 

V81 V6 

V90 V5 

Table 3.1: Views encoded using only 1 fixed reference picture 
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Figure 3.10: Various inter-layer reference picture structure patterns 
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The single IL reference picture structures are designed to utilize the similarities 

among the adjacent views. The Spiral pattern achieves this by always referencing the 

nearest views while Asterisk achieves this by referencing the diagonally nearest views. 

As for the multi-IL reference picture structures, the views on the vertical and horizontal 

center are encoded according to an I-P-B order similarly in MPEG encoder, where I 

stand for intra-coded picture, P for predicted pictures and B for Bi-directionally predicted 

pictures. In the multi-IL reference picture coding schemes, the edge views are encoded as 

P frames (single IL) and the views in the middle are encoded as B frames (bi-IL). 

Specifically, for Bi-reference1 structure, the rest of the views are encoded by referencing 

the nearest neighboring views while for Bi-reference2 structure, the views encoded by 3 

IL reference pictures are also included. 

3.3.2.2 QP-per-layer scheme   

In the previous section, the MV-HEVC encoding experiments are based on a fixed QP 

scheme, in which the QP value is fixed for all of the input multiview videos. However, 

after vignetting correction, the intensity and contrast of the darker views are both 

increased, making the views more “noisy” (with a larger standard deviation) and thus 

more difficult to encode.  Considering the fact that the vignetted views consume more 

bits to encode after vignetting correction, we tried to adjust the QP values according to 

the input views in order to restrain the bit rate.    

For the calculation of QP values based on the scaling factors, the equation is given by 

(3.2), where     is the scaled value of QP per layer and    is the original QP before 

scaling.   denotes the scaling factor and is calculated by    , where   represents the 

scaling intensity per view. Thus by varying the value of Δ a set of scaled QP values can 

be obtained.   

                                  (3.2) 

The encoder accepts non-integer QP values and does a proportional weighted 

quantization based on ⌊   ⌋ and ⌊   ⌋   . 

Two types of MV-HEVC encoders are tested during the experimentations. One is the 

3D-HTM reference software encoder version [0.3] (HTM-DEV-0.3) based on HEVC test 

model (HM) version [10.1] [36]. 3D-HTM only supports 64 multiview inputs by default 

but we modified it in order to support up to 128 multiview input videos. The second 

encoder we adopted is called C65 [37], a real time implementation of HEVC and MV-

HEVC based on a subset of encoding tools developed by Ericsson. C65 only supports up 

to 64 input videos at this moment.  
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3.3.3 Rate Distortion Assessment  

Different coding schemes of encoding integral videos are compared in terms of encoding 

time, coding artifacts as well as rate distortion. Depending on the coding schemes, two 

rate distortion metrics are introduced as follows:   

1. Raw integral video (   ) is encoded at rate R and decoded, resulting in 

reconstructed    (  ̂). Measure the PSNR_1 between    and   ̂.  

2. Raw integral video (  ) is converted into a series of sub-videos (  ) first. The 

number of sub-videos in total is determined by the resolution of the elemental 

image (EI). SVs are then encoded at rate R and decoded, resulting in 

reconstructed sub-videos (  ̂). Measure the PSNR_SV between corresponding 

   and   ̂. PSNR_2 is calculated as the mean PSNR of all PSNR_SV. 

 

The two rate distortion metrics are illustrated in Figure 3.11 along with the 

corresponding coding schemes. PSNR_1 only reflects the coding performance when 

encoding the integral image directly, while PSNR_2 is used as evaluation of the encoding 

performance on sub-image level and was mostly used for rate-distortion analysis of other 

coding schemes introduced in this thesis.  

It is also worth noted that PSNR_2 can be also used to for rate distortion analysis 

between the reconstructed       ̂  and the original       ̂ is also converted into a series 

of sub-videos (   ) and the     were compared with the original     Hence PSNR_2 is 

calculated as the mean PSNR across all    and    . Using PSNR_2 for measurement is 

due to the fact that the reconstructed    cannot be fed into a 3D display directly, thus a 

conversion from   ̂ to     is required to measure the coding artifacts on a sub-image 

level for this coding scheme.   
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Figure 3.11: Rate distortion metrics of different coding schemes 
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Chapter 4  

Results  

 

In order to evaluate the encoding efficiency of different coding algorithms, simulations 

are conducted using HEVC reference software developed by the standardization 

community. For HEVC and MV-HEVC encoding tests, the results are obtained by 3D-

HTM reference software encoder version [0.3] (HTM-DEV-0.3) based on HM version 

[10.1]. In addition, the MV-HEVC encoding results in section 4.2.4 are also based on a 

real time implementation encoder using MV-HEVC architecture called C65.  

4.1 Encoding integral video with HEVC  

4.1.1 Encoding performance based on raw integral video 

The raw image captured by Lytro camera has resolution of 3280*3280. Concatenating 

the raw images we would get a raw 3280*3280 integral video sequence. The most 

straightforward way is to encode the raw integral video directly by an HEVC encoder. 

Figure 4.1 shows the encoding results under 9 tests. The 3280×3280 raw video comprises 

of 20 frames taken by the Lytro camera and showing a moving Lego car. The encoding 

frame rate is 30 frames per second. For each test fixed quantization parameter (QP) value 

was used and the QP values were ranging from 5, 10, 15, 20, 25, 30, 35, 40 and 45. The 

same fixed-QP scheme is adopted for the rest of the test groups. Figure 4.1 shows the rate 

distortion curve where the PSNR values are plotted against the bitrates for Y, U and V 

planes.  

It can be observed that the bitrate increases dramatically as the QP value decreases by 

5 in each experiment. Comparing with the original raw integral video, the encoding 

performance seems to be acceptable. Nevertheless, since it is the sub-videos that are 

going to be observed at the receiver end on a multiview or stereo display, it is more 

significant to evaluate the quality of the extracted sub-videos from the decoded raw 

sequence instead of the raw video itself. The original and decoded raw video sequences 

are transformed into a subset of 100 multiview sub-videos as described in section 3.1.2. 

Note that the transformed sub-videos are not corrected from vignetting effects in the 

decoded raw sequence. We then estimate the PSNR of the corresponding sub-video 

group and calculate the mean PSNR of the 90 valid sub-video groups. The sub-videos for 

comparison are not corrected from vignetting effects and the results are shown in Figure 

4.2. 
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Figure 4.1: Encoding performance of raw integral video encoding using HEVC 

 

Figure 4.2: PSNR_2 of the sub-videos transformed from the reconstructed raw integral video 

From Figure 4.2 it can be observed that the mean PSNR of the multiview sub-videos 

at Y-plane exceeds the PSNR values at U and V plane for lower QPs meaning that 

HEVC in these conditions is not fair for the U and V planes. On the other hand, this trend 

is opposite for higher QPs. Moreover, as the QP further decreases, the mean PSNR 

performance seems to only increase slightly, which is more evident at U and V plane. For 

higher QP values (i.e., lower bitrate), the sub-videos extracted from the decoded 

sequence suffer from undesired high frequency noise and color desaturation in Figure 
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4.3(b), where QP equals to 45. As shown in Figure 4.4(b), encoding in raw format not 

only impairs the intrinsic structure of the elemental images as well as the hexagonal 

pattern of the elemental image array, but also introduces border effects among adjacent 

coding units (CU), leading to this specific noise at lower bitrates.  

 

Figure 4.3: Enlarged region of sub-videos at viewpoint position #45 

 

Figure 4.4: Enlarged region of (a) original and (b) decoded raw sequence, 1st frame 

Three sub-videos at the same view point position (view #41) are shown in Figure 4.5, 

together with the original sub-video. The sub-videos are extracted from the decoded 

sequences at QP = 5, 25 and 45. As the QP decreases, the reconstructed sub-video quality 

at Y plane improves subjectively though it requires a dramatic increase in terms of bitrate. 

While for U and V planes, the improvement of encoding performance is almost 

negligible when the bit rate is above 100000 kbps. Thus encoding the raw integral video 

using HEVC would not be able to increase the viewing quality after a certain threshold is 

reached.  
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Figure 4.5: Extracted sub-videos #41 of different QP, 1st frame 

4.1.2 Encoding performance based on sub-videos  

In section 4.1.1 the reconstructed integral video is compared with the original integral 

video on a sub-image level due to a lack of 3D display device. Another scheme to use 

HEVC in integral video coding is to encode the sub-videos generated from the raw video 

directly using HEVC, which is also referred to as “simulcast”. Given the resolution of the 

raw video is 3280×3280 and the microlens array is hexagonally arranged, the 90 sub-

videos used as input sequences have a resolution of 328×378. To this end, the simulcast 

encoding is realized by using a MV-HEVC encoder without any interview prediction. 

Here the same fixed QP scheme was applied for all the sub-videos. Depending on the 

encoded video type, the two encoding schemes using HEVC are referred to as “Simulcast 

encoding” and “Raw encoding” separately, where “Simulcast Encoding” encodes the 

sub-videos and “Raw Encoding” encodes the raw video. The encoding performance of 

Simulcast Encoding is depicted in Figure 4.6.  Comparing to Y plane, U and V planes 
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have better rate distortion performance since the two planes of the sub-video have less 

information and are easier to encode.  

 

 Figure 4.6: Encoding performance of simulcast scheme 

The comparison of the two HEVC encoding schemes uses sub-videos without 

vignetting correction as the input sequences. For Raw encoding scheme, we used a CU 

size of 32 and a search range of 160 for the 3280×3280 raw input sequence. For the 

Simulcast scheme, the CU size remains at 32 with a search range of 32 since the 

extracted sub-videos are fairly small comparing to the raw video (with a resolution of 

328×378). Figure 4.7 presents the rate-distortion curves of the two encoding schemes. As 

per section 3.3.3, PSNR_2 is used for rate-distortion analysis. Figure 4.7(b), (c) indicate 

that in terms of the mean square error between the reconstructed and original multiview 

sequences, simulcast encoding is able to achieve a higher mean PSNR comparing to raw 

encoding at the same bit rate concerning U and V planes. Though this advantage is not as 

evident in terms of Y plane as seen in Figure 4.7 (a), it is still expected that Simulcast 

encoding would outperform Raw encoding when the bitrate further increases. In addition, 

under a fairly low bitrate (QP = 45), the sub-videos suffer from high frequency noise as 

shown in Figure 4.8(b), although finer details are visible comparing to Simulcast 

encoding in Figure 4.8(c).  
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Figure 4.7: Encoding performance of HEVC Raw encoding and Simulcast encoding based on sub-videos 

It is also worth mentioning that after the raw video goes through the HEVC codec, the 

modulation image we used for vignetting correction no longer applies to the decoded 

sequence. This is due to the fact that the intrinsic structure of elemental images in the raw 

video frames is impaired by encoding. Since the vignetting corrected sub-videos exhibit 

less shadowing and aliasing effects, they should be fed for the 3D display instead of the 

vignetted ones. Thus considering the undesired high frequency noise at lower bitrate and 

inevitable vignetting effects at higher bitrate, encoding the raw video using HEVC seems 

unfavorable due to the fact that HEVC is actually not designed for encoding the light 

field video format. 
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Figure 4.8: Comparison of sub-video view45, QP = 45, 1st frame 

 

4.2 Encoding integral video with MV-HEVC 

The tests of MV-HEVC encoder are based on the various inter-layer reference picture 

structure patterns described in section 3.3.2.1, including Center-ref, Asterisk, Spiral, Bi-

reference 1 and Bi-reference 2. Two sets of sub-video sequences are selected as inputs – 

the sub-video sequences with vignetting effects (vignetted sequences) and the sub-video 

sequences processed by vignetting correction (vignetting corrected sequences). Simulcast 

encoding in the previous section is achieved by disabling the inter-layer picture 

referencing tools and is used as the reference method for all of the other MV-HEVC 

coding schemes.  

4.2.1 MV-HEVC and HEVC Simulcast comparison per view 

Here we compare the PSNR values between the decoded sub-videos and input sub-videos 

for two different coding schemes, MV-HEVC Spiral and HEVC simulcast. As shown in 

Figure 4.9, results of simulcast encoding and MV-HEVC Spiral encoding are compared 

under the same QPs, where QP equals to 25 and 45 separately. The QP value is fixed for 

all of the encoding views and the vignetting corrected sub-videos are used as the test 

sequences. Here the viewId represents the actual viewpoint position depicted in Figure 

3.6.  

It can be observed that in both of the plots, the PSNR of sub-video view45 is the same 

for the two encoding schemes due to that view45 is the base view video sequence of the 

MV-HEVC encoder and is independently coded. Since the sub-videos are encoded 

independently in the simulcast scheme, the PSNR values of HEVC are higher than the 

ones of MV-HEVC at the same QP, which is even more evident when QP is lower but as 
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it can be seen in the following figure, simulcast uses much more bits to encode the input 

sequences than MV-HEVC.  

 

Figure 4.9: Comparison of PSNR per view at different QP values 

Furthermore, the PSNR value of the simulcast encoding varies slightly regarding to 

the viewpoint position. This is due to the intrinsic properties of the sub-videos. Though 

corrected from vignetting, the sub-videos formed by the edge pixels in the original 

elemental images still suffer from blurriness caused by the light leakage from adjacent 

pixels of other microlenses. On the contrary, the sub-videos formed by the pixels in the 

center would seem to be sharper as well as “noisy”, which makes the encoding of the 

blurred (low-pass filtered) sub-videos more efficient than the sub-videos that have center 

views.   

4.2.2 Comparison of various MV-HEVC encoding patterns 

In this section the encoding performance of various MV-HEVC inter-layer (IL, i.e., inter-

view) reference picture structure patterns are evaluated. The input sub-video sequences 

used in this section are different from the ones in 4.1.2 since they are converted from a 

different raw video. The input sequences are also vignetting corrected. The rate-

distortion curve of each scheme consists of PSNR_2 values calculated from the valid 90 

sub-videos. HEVC Simulcast encoding is used as the reference method and the BD-rate 

are computed for each of the MV-HEVC coding patterns. The encoding results are 

illustrated in Figure 4.10. 

A negative BD-rate indicates a reduction in bit-rate to achieve the same objective 

quality, so that the tested scheme performs better than the reference scheme on average. 

As depicted in Figure 4.10, the Spiral pattern proves to be the best algorithm among the 

single IL reference picture patterns with a BD-rate of -68.54%, giving the credit to its 

local spatial referencing. Multi-IL reference patterns, on the other hand, are proved to 

have a better performance over single-IL reference since these patterns provide better 
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block prediction. Bi-reference 1 scheme performs better than Simulcast with a BD-rate of 

-73.48% and is the most efficient algorithm among the designed reference structures. 

Thus by exploiting the correlation among the multiview inputs, MV-HEVC is able to 

encode the multiview input video sequences more efficiently than HEVC. In addition, if 

the number of inter-layer reference picture increases, the encoding performance of MV-

HEVC is further improved, though this improvement is obtained at the price of an 

increased encoding time and complexity.   

 

Figure 4.10: Encoding performance of various MV-HEVC patterns 

 

4.2.3 MV-HEVC encoding using QP-per-layer scheme 

In the previous section, the MV-HEVC encoding tests are based on a fixed QP scheme, 

in which the QP value is fixed for all of the input multiview videos. As described in 

section 3.2.4, the vignetting correction increases intensity and introduces noise to the 

darker edge views, so that it requires more bit rate to encode those views after vignetting 

correction. To compensate for the increasing bit rate, the QP values for each view can be 

varied using a corresponding scaling factor. The QP-per-layer scheme increases the QP 

values for the views that were darker before vignetting correction, and is expected to be 

an effective method of constraining bit rate. 

We also compared the mean PSNR between the decoded sequences and the original 

vignetting corrected sequences. The sub-videos are encoded by a MV-HEVC encoder 

following the Spiral structure pattern in the previous section. The results of the QP 

scaling scheme is shown in Figure 4.11, in which 4 sets of scaled QP values are tested 

with Δ = 1,3,5,10 and the original QP set is 5,10,15,20. The fixed QP scheme is set as the 
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reference method. By calculating the BD-rate of each QP set relative to the fixed QP 

scheme, it can be seen that through this QP-per-layer scheme, the coding efficiency is 

increased with the increase of Δ. However this improving efficiency slows down as Δ 

further increases and we reckon that an upper limit is soon going to be reached when 

Δ>10. Above all, this approach contributes to the reduction of bit-rate for encoding the 

high frequency details in the vignetting corrected sequences.  

 

Figure 4.11: Encoding performance of QP-per-layer scheme 

 

4.2.4 MV-HEVC encoding using C65 and HTM reference model 

This section compares the encoding performance of two MV-HEVC encoders. One 

encoder is referred to as HTM, which is based on the MV-HEVC reference software 

HTM-DEV-0.3. The second encoder is referred to as C65, which is a real time encoder 

which utilizes a subset of encoding tools of HEVC and MV-HEVC. MV-HEVC Spiral 

pattern is used for the simulations of the two encoders and the vignetting corrected sub-

videos are used as input multiview sequences.  The mean PSNR and bit rate comparison 

between the two encoders at QP = 30 are shown in Figure 4.12(a), (b) separately. As the 

number of encoded views rises, the bit rate of the two encoders increases in a more or 

less linear manner. However, the bit-rate of C65 would increase dramatically comparing 

to HTM, which makes it less efficient. This is probably due to the limited inter-view 

prediction tools and restrictions implemented in C65 in order to make it to work in real 

time. For instance, C65 doesn’t support vertical disparity, which makes it not offering the 

best bitrate saving scheme. By implementing the vertical disparity tool, C65 should be 
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able to decrease the bitrate. However, in the meantime, the encoding time is going to 

increase.  

In terms of mean PSNR per view, C65 performs better than HTM since the mean 

PSNR of the new views increases up to a limit for C65 but decreases for HTM and this 

makes C65 more favorable to encode a large number of multiview videos. However the 

test results also show that HTM doesn’t guaranty a constant or even an improved PSNR 

for the new views, especially considering the spiral pattern. Given the precondition of a 

fixed QP per layer encoding, a possible speculation for the behavior of HTM is that C65 

utilizes some bit allocation schemes to improve the encoding performance of the 

peripheral views while HTM doesn’t.    

 

Figure 4.12: Encoding performance of two MV-HEVC encoders, encoding pattern Spiral 

In addition, the encoding time of the two encoders is also compared in Figure 4.13(a), 

(b). Here the linearity of the encoding time with the number of views is more evident. 

Given the fact that C65 is a real time implementation of MV-HEVC (using 12 threads), 

an increase of approximately 0.117s per view is reasonable but still not suitable for real-

time coding of integral video. For HTM, though it provides more efficient coding, it fails 

to be realized in real time with a dramatic encoding time of 263.65s per view, which is 

more than 2000 times of C65 encoding time. Finally, although the Spiral pattern utilizes 

the close neighbor referencing where the adjacent views are highly correlated, it is not 

multithreading friendly due to the chained referencing pattern.  
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Figure 4.13: Encoding time of two MV-HEVC encoders, encoding pattern Spiral 
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Chapter 5  

Conclusion 

 

5.1 Summary of results 

In order to achieve efficient compression for integral videos, we proposed several 

methods based on the most up-to-date HEVC standard and its extension multiview 

HEVC (MV-HEVC). The most straightforward way to encode integral videos is to 

encode the raw 2D video directly by HEVC, which is referred to as HEVC raw encoding. 

This method utilizes the correlation among the elemental images (EIs) but impairs the 

intrinsic structure of the EIs as well as the hexagonal packed microlens array pattern, 

introducing high frequency noise to the reconstructed sub-videos. If a limited bandwidth 

or storage space is given and the bit rate is fairly low, the extracted sub-videos from 

HEVC raw decoded sequence exhibit sharp contours of the 3D scene and suppressed 

aliasing effects caused by microlens vignetting. This is due to the blurred (low-pass 

filtered) elemental images in the decoded raw video. However, as the bit rate increases, 

HEVC fails to generate a set of sub-videos corrected from vignetting effects and the 3D 

imaging quality is thus degraded. In most of the situations, HEVC is not favorable for 

encoding the raw integral video since it is not designed for this light field video format 

but is still giving moderately good results, especially for high bitrate. However, under 

extreme low bit rate condition, if the high frequencies in the sub-videos introduced by EI 

blurring is eliminated using a post filter such as joint bilateral filter, it is possible to be 

use it to encode the raw integral videos. 

Another scheme combining HEVC in integral video coding is based on sub-video 

coding. The raw integral video is first converted to a set of sub-videos presenting 

different view perspectives and is referred to as Simulcast encoding. The sub-videos are 

then encoded independently using an HEVC encoder. This is realized in our 

experimentation by a MV-HEVC encoder disabling the inter-view prediction for all of 

the input views. Comparing to the HEVC raw encoding method, Simulcast encoding 

utilizes the intrinsic properties within each sub-video to achieve higher compression 

efficiency in terms of the vignetting corrected sub-videos. Only at very high bit rates, 

Simulcast encoding outperforms HEVC raw encoding in the way that the reconstructed 

sub-videos are free from the high frequency noise, which is shown in Figure 4.7(a). 

However, Simulcast encoding does not take into account of the high correlation 

among the sub-videos. In order to exploit the redundancies among the sub-videos, several 
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methods are proposed in this thesis using the MV-HEVC codec. The MV-HEVC encoder 

enables inter-layer (inter-view) prediction, which offers efficient compression for the 

sub-videos. In order to further improve the inter-layer prediction, various inter-layer (IL) 

reference picture structure patterns are proposed in this thesis, including Center-ref, 

Spiral, Asterisk, Bi reference 1 and Bi reference 2. MV-HEVC supports single-IL 

reference view as well as multiple IL reference views, so that the more IL references, the 

more chances of finding a decent block prediction. However, the increasing number of IL 

references also leads to the increasing encoding time and complexity, while the encoding 

improvement is likely to be negligible. The inter-layer reference picture patterns we 

proposed comprise of 3 single-IL reference patterns and two hybrid multiple IL reference 

patterns. Based on the conducted experiments, we have found out that Spiral pattern is 

the best performing pattern among the single-IL patterns with a BD-rate of -68.54% over 

Simulcast encoding. This proves that by exploiting the similarities among the sub-videos, 

MV-HEVC encoding would be able to save more than half of the bit rate required for 

integral videos compared to HEVC. In addition, the Bi reference 1 pattern is proved to 

have the best encoding compression efficiency with a BD-rate of -73.48%, though the 

price of this improvement comparing to Spiral pattern is the increasing encoding time 

and complexity.  

The vignetting correction provides a set of sub-videos in which aliasing and 

shadowing effects caused by vignetting of the microlenses are suppressed. However, this 

process also increases the undesired high frequency noise in the extracted sub-videos on 

edge views, i.e. where the intensity is increased. These views tend to require more bit 

rate to encode and degrade the coding efficiency. In the purpose of compensating for the 

increased bit rate, we also proposed a QP-per-layer scheme to improve the coding 

efficiency. Unlike a fixed QP approach, this scheme calculates the re-scaled QP based on 

the intensity increment of each view, so that the QP values for the edge views are 

increased. This approach proves to be feasible with a BD-rate of -9.51% when Δ = 10 in 

the QP scaling equation in (3.1).  

Besides, two types of MV-HEVC encoders are compared to evaluate the average 

PSNR per view, additional demand for bit rate and encoding time as the number of 

encoded views increases. The two MV-HEVC encoders used in the experiments are 

HTM and Ericsson C65, where HTM is based on 3D-HTM reference software and C65 is 

a real time encoder using a subset of tools in MV-HEVC. MV-HEVC Spiral pattern is 

tested with various numbers of views from 1, 4, 9, 16, 25, 36, 49 and 64. Due to the serial 

property of the Spiral pattern, i.e., the newly added views would always be based on the 

encoding results of the views encoded earlier, it is expected to find out the bit rate and 

encoding time curve both follow a more or less linear fashion. In the meantime, although 

the Spiral pattern utilizes the close neighbor referencing where the adjacent views are 

highly correlated, it is not multithreading friendly but give the best results using only one 
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IL reference picture. In this case, the multi-threaded C65 may not be able perform a real 

time coding by an increasing time of 0.117s per view. 

It is worth mentioning that MV-HEVC is an efficient method for integral video coding 

based on its “linearity” of bit rate, it is not an optimal method as much higher resolution 

sensor and more views are involved. As discussed in section 3.1.2, the reconstructed 3D 

image quality of integral imaging depends not only on the dimension of the microlens, 

but also the resolution of each microlens image. With the emerging high resolution 

integral imaging prototypes and products in the near future, we would expect a need for 

an even more efficient video codec that would for instance encode only the small amount 

of information newly added by the new views. 

 

5.2 Future work 

Similar to the residual images used for integral image compression in previous studies as 

described in section 3.1.2., it is possible to utilize the spatial redundancy among the sub-

videos before they are fed into a MV-HEVC encoder. The center view can be set as the 

reference view and a set of residual sub-videos is obtained based on the center view. 

These residual sub-videos contain important details of difference among the views and 

are easier to encode than the original sub-videos, which would likely leads to a more 

efficient compression.  

The Lytro desktop software estimates a depth map representing the center view and is 

primarily used for refocusing and perspective shift features as presented in Figure 2.5. 

Therefore, the depth map can be used to generate a depth video input for the 3D 

extension of HEVC encoding (3D-HEVC). Though the depth map may not be accurate 

enough for 3D rendering, it is still possible to encode the depth video together with the 

extracted sub-videos as texture videos using a 3D-HEVC encoder. Meanwhile, since the 

extracted sub-videos are highly correlated and the baseline between adjacent sub-videos 

is rather small, the single depth video can be used as the depth input for all of the texture 

files. However, for higher compression gains, a more accurate depth map would be 

required. 
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