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ABSTRACT 

 Free viewpoint video (FVV) has attracted considerable attention in recent years, as it 

provides freedom to the user to observe a scene from different angles or viewpoints. A large 

number of views are required to facilitate the experience of FVV, which increases transmission 

bandwidth and storage data significantly in comparison to 2D video data. To reduce transmission 

bandwidth, the efficient approach is to encode a subset of views in the encoder and synthesise the 

other desired views in the decoder. However, view synthesis techniques suffer from poor rendering 

quality due to the holes which are created by occlusion and the integer rounding errors that occur 

during the warping process. To remove these holes in the virtual view, existing view synthesis 

techniques exploit spatial and temporal correlation in intra/ inter-view images and depth maps. 

However, the resulting view syntheses still suffer from quality degradation at the boundary regions 

of foreground and background areas, due to the low spatial correlation in texture images and low 

correspondence in inter-view depth maps. To overcome such limitations, this thesis proposes five 

enhanced view synthesis techniques which exploit temporal correlations.  

Firstly, in the proposed background improvement (BI) technique, adjacent views and their 

corresponding depth maps (with associated camera parameters) are taken as input. The input views 

are warped and blended into the target viewpoint (virtual view). Then, Gaussian mixture modelling 

(GMM) is used to model each pixel of the available target viewpoint frames. The GMM technique 

can provide rich information about the behaviour of pixels in previous frames to separating 

background and foreground pixels. Moreover, GMM models contain more correlative data 

compared to an available static background frame, which is usually used to recover missing pixels 

in the view synthesis. Then, the missing pixel intensities of the background areas are recovered 

using the most common frame in a scene (McFIS). The McFIS is generated from the GMM 

model(s), which provide(s) a smaller ratio between weight and standard deviation. This hole-filling 

approach provides a better pixel correspondence in comparison to the existing related techniques, 

as all decisions related to the foreground and the background are made based on the number of 

models, and the missing background pixels are recovered using the pixel intensities in the models. 

This technique improves the quality of the background areas. 

Secondly, to improve the quality of results generated using the BI technique, a weighted 

hole-filling using single view (WHFSV) technique is proposed. The WHFSV introduces a 

weighting factor in order to balance the relative contribution of the learned GMM models and the 

warped images. Within this process, the missing background pixels are recovered from the McFIS 

and missing foreground pixels are recovered from the weighted average of the warped image and 

learned foreground models. This technique provides a better pixel correspondence in comparison 

to the BI technique, by utilising GMM models for both the background and the foreground pixels. 

The WHFSV is further enhanced and named weighted hole-filling using multiple views 

(WHFMV). The WHFMV is similar to the WHFSV in that it also recovers missing foreground 

and background pixels. However, two adjacent views are considered instead of one, as adjacent 

views cover wider view angles. The WHFMV technique helps to improve synthesised view quality 

in comparison to the WHFSV technique. All three proposed techniques are able to improve the 

quality of the synthesised view in comparison to existing related techniques.  

 In the WHFSV and WHFMV techniques, the weighting factor does not vary with time in 

order to accommodate the changes due to a dynamic background and the motions of moving 

objects. An adaptive weighted average hole-filling (AWAHF) technique is proposed to overcome 

this problem by using an adaptive weighting factor. In this process, the missing pixels are 
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recovered from the adaptively weighted average of the corresponding GMM model(s) pixel 

intensities and the warped image. Besides this, the adaptive strategy is introduced to reset GMM 

modelling if the contributions of the pixel intensities from the GMM model(s) drop significantly 

due to the fast motion of background or foreground objects. The proposed AWAHF approach 

improves the quality of the synthesised view significantly in comparison to other related available 

techniques. The synthesised frame generated by the proposed AWAHF technique is used as an 

extra reference frame to propose two new multiview video coding (MVC) frameworks, where a 

different number of reference frames are used. The proposed MVC frameworks improve rate-

distortion (RD) performance and reduce computational time in comparison to the conventional 

coding framework.  

For all of the above-proposed techniques, the frames of the target viewpoint are used for 

learning GMM to improve the quality of the synthesised view. However, the process of learning 

with a targeted viewpoint is not effective if a frame is the first incoming frame, or if there is an 

instant change of view or the user switches view frequently. To address such possibilities, a new 

technique named view synthesis using side view information (VSSVI) is also proposed. In this 

process, the textures and depth of the adjacent views are used to learn GMM. Then, a weighting 

factor is used to balance the contribution between the learned GMM models based on the side 

views and the warped image, in order to refine the missing pixel intensities of the synthesised 

view. The main advantage of VSSVI is that it allows users to switch view instantly and frequently 

for smooth FVV viewing. 

The total contribution of this thesis improves the view synthesis quality significantly in 

comparison to the state-of-the-art methods. Moreover, incorporating the generated view in the 

MVC coding framework improves the RD and computational time significantly in comparison to 

the 3D-high-efficiency video coding (3D-HEVC) MVC coding standard. Contributions resulting 

from the overall improvement to view synthesis described in this thesis are likely to be useful in 

various applications including professional training, video games, virtual reality (VR), sports 

event, movies, 360-degree video, 3D TV and free viewpoint television (FTV).
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Chapter 1  

Introduction 

 

 

1.1 Overview 

Free viewpoint video (FVV) allows users to view a three-dimensional (3D) scene by freely 

changing their viewpoints [1]. To facilitate this experience, encoding all views with slightly 

different viewing angles increases the amount of transmitting, receiving and processing video data 

significantly compared to the 2D video transmitting data [2][3]. Thus, the best approach is to 

encode a subset of views in the encoder and generate the desired views in the decoder. Generating 

a new viewpoint from the existing viewpoint(s) is popularly known as the view synthesis technique 

[4][5]. An example of a view synthesis technique is shown in Figure 1.1, where View 1 and View 

3 are warped into the target viewpoint (i.e., View 2) through a warping process and then blended 

both warped views to generate a synthesised View 2. The existing view synthesis techniques result 

in low rendering quality by missing pixel values (i.e., creating holes) through the warping process 

due to the lack of proper processing steps to tackle the occluded region and rounding integer error 

[6][7]. Therefore, the hole-filling of the synthesised views is a challenging task. The existing 

methods cannot provide the satisfactory quality mainly due to the low spatial correlations in the 

foreground and background areas [8]–[10]. Hence, the focus of this thesis is to further investigate 

for enhancing the quality of the FVV.  
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1.2 Motivation and Problem Statement  

In order to provide 3D depth perception and interactive functionality in 3D video 

applications, virtual view images are usually generated from the decoded 3D video using a number 

of different view synthesis algorithms [7], [8], [11]–[14]. This is to facilitate the possibility for 

users to experience 3D video with either 3D or free-viewpoint television (FTV) display systems. 

For view synthesis, adjacent texture images of a scene are usually used to create a synthesised 

view. Nowadays, the popular view synthesis techniques generate virtual view using depth-image-

based rendering (DIBR), with a small number of texture images and their corresponding depth 

maps as input (Figure 1.1) [7]. The depth map or geometry of a scene is an image that contains 

 

Figure 1.1: Schematic diagram of a view synthesis technique. 
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information relating to the distance of the surfaces of the scene objects from a viewpoint. The 

DIBR technique warps texture images into a virtual position based on depth maps and camera 

parameters to generate a synthesised view(s) [6][7]. Image warping transforms source image pixel 

intensity into the destination image pixel intensity. In an ideal situation, the intensity of a warped 

image is the same as that of the original image at corresponding points. However, the warping 

process may create holes, i.e., it may not find appropriate pixel intensities for a number of pixel 

positions which are not visible due to blockage from objects in the foreground (i.e., occlusions) 

from the viewing angles of the input images. Most of the holes occur due to blockage from objects 

in the foreground [10][9][15]. Moreover, the warping process from different views causes another 

error due to rounding of the pixel position coordinates [7]. To reduce the number of missing pixels, 

the adjacent views are warped using their corresponding depth maps and camera parameters, as 

adjacent views cover wider view angles. Then, the warped views are merged, which reduces the 

number of holes but does not help to recover all missing pixel intensities, as a small number of 

views with a large baseline is transmitted due to bandwidth constraints. The distance between the 

reference viewpoint and the target viewpoint (virtual view) is known as the baseline. In the DIBR 

process, texture images are warped into the target viewpoint based on the baseline. A larger 

baseline produces larger occlusion areas in the synthesised view [16]. Therefore, a post-processing 

technique is required to recover the missing pixels, in order to generate a better-synthesised view.  

Generally, there are two main methods for filling missing pixels or holes. These methods 

are based on spatial correlation and temporal correlation of the available textures and depth maps 

and are usually known as the spatial/temporal domain hole-filling techniques. The outcome of this 

hole-filling is the final synthesised view. There are various hole-filling techniques for improving 

the synthesised view [7][8][10][11][15]–[21]. Two of the most popular hole-filling techniques that 
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exploit spatial correlation are inpainting [19] and inverse mapping (IM) [7]. The inpainting 

technique recovers missing pixels by exploiting spatial correlation without introducing significant 

blur artefacts [18][19]. The inpainting techniques used in [18][19] shows that after computing the 

priority of the boundary pixels holes, the most relevant patch (i.e., a portion of an image grouped 

into blocks) is copied from the source patch. However, this inpainting process can reduce the 

quality of the synthesised view, because these techniques may mix up foreground and background 

pixel intensities during exploiting spatial correlation as they are unable to differentiate foreground 

and background pixels properly. This mainly happens due to the low spatial correlation at the 

perimeter between the foreground and background pixels [8]. 

The IM technique re-maps the missing pixel locations of the original view based on the 

column-shifts of the neighbouring region of the visual field. In this way, holes can be mapped 

backward to one of the original views to identify the missing pixel values. The IM exploits the 

spatial correlation for the column part, and so suffers from the hole-filling problem in the 

foreground-background boundary areas [7]. In spatial correlation-based hole-filling techniques, 

the missing pixels are usually recovered/filled with visually plausible backgrounds according to 

some spatial correlation assumptions. This process causes quality degradation of the final 

synthesised view due to lack of spatial correlation in the foreground-background boundary areas, 

which is true for both inpainting and IM techniques. The above problems can be solved using 

techniques that are formed by exploiting temporal correlation [22]. 

The existing popular technique of hole-filling by exploiting temporal correlation is termed 

background update (BU). This technique is based on the assumption that an occluded background 

in one frame may become visible in other frames when the foreground object(s)  move(s) away 

[10]. To address the hole-filling problems in the foreground-background boundary areas, BU 
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technique [8][9] uses a Gaussian mixture modelling (GMM) approach to improve quality in some 

occluded areas. In this process, average GMM background models are employed to extract the 

static background frame of a scene, which is then used to recover the missing pixel in the occluded 

areas. In the case of the BU-based techniques in [8][9], the foreground object is removed using 

inpainting and clustering techniques depending on the corresponding depth map of an image. 

Clustering is the task of grouping a set of pixels of some objects in such a way that pixel intensities 

in the same group (called a cluster) are similar to each other [23][24]. BU technique is able to 

improve the quality of the synthesised view significantly compared to other techniques; however, 

it results in quality degradation due to the dependency on inpainting, warping of a background 

image and clustering methods. An imperfect depth map may lead to some additional artefacts from 

the background to the foreground [10]. In addition, a background frame generated from the GMM 

model is sorted according to the value of the ratio of weight and standard deviation; it does not 

represent the recent changes of the pixel values. This causes a low-quality background frame in 

view synthesis for scenes containing fast-moving foreground objects [25][26]. Another 

background reconstruction-based hole-filling techniques are proposed in [10]. In this process, 

foreground objects are automatically extracted by using modified GMM and segmentation 

algorithm. Inaccuracy at any step, especially in segmentation algorithm (due to the high sensitivity 

on parameters) causes a low-quality background frame, resulting in degraded quality of the final 

synthesised view. It should also be mentioned here that the performance of the GMM based hole-

filling techniques by exploiting temporal correlation (i.e., BU) is better than that for techniques 

exploiting spatial correlation.  

The GMM has the inherent capacity to identify foreground and background pixels 

accurately to treat missing background and foreground pixels separately in the hole-filling process. 
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It should also be mentioned here that the GMM model history has additional correlational data to 

model each pixel separately for easy identification and recovery of missing pixels accordingly, 

but, to the best of the author’s knowledge, no researcher so far has used it to fill the missing pixels. 

Hence, the GMM model history with mathematical modelling is considered in this thesis to 

enhance temporal based hole-filling techniques for quality view synthesis. 

 Autostereoscopy is a process of displaying stereoscopic (i.e., a pair of images) images 

without the use of special headgear or viewing glasses on the part of the viewer [27][28]. To enable 

autostereoscopy additional views, the receiver generates the current frames from already encoded 

adjacent frames and the previous frame of the current view in multiview video coding (MVC) 

[25][29]–[31]. In this thesis, a novel MVC encoding/decoding framework has been developed by 

incorporating and customizing the synthesised image as an extra reference frame to improve the 

MVC performance in terms of rate-distortion (RD) (i.e., a minimal number of bits per frame) and 

computational time.  

Based on the above discussions, some of the open issues in this field that need to be 

investigated and resolved to produce a smooth and pleasant FVV and MVC experiences are: 

(1) For view synthesis with hole-filling: 

(i) A number of models need to be incorporated with the GMM to separate background 

and foreground pixels accordingly.  

(ii) It is also necessary to consider a weighted average or adaptive weighted average of the 

pixel intensities from the corresponding GMM model(s) and the warped images to 

recover the missing pixels due to balancing the contribution between background and 

foreground pixels.  
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(iii) An adaptive reset mechanism is also needed to keep the relevancy of the GMM 

model(s) if the contribution of the GMM model(s) in the synthesised view drops 

significantly due to the motion of the foreground object(s). 

(2)  For MVC: 

(iv) The MVC can be enhanced by generating a synthesised frame, which can be used as 

an additional (fourth) reference frame in the motion estimation for MVC. Use of this 

technique may provide better prediction compared to the conventional three references 

(two frames from adjacent views and one from the current view, i.e., the immediately 

previous frame of that view) technique. This is one of the focuses of the proposed view 

synthesis technique. 

Hence, in this thesis the focus is mainly given to:  

(a) Investigating and proposing novel hole-filling techniques by considering GMM models, a 

weighted average or adaptive weighted average of the pixel intensities from the corresponding 

GMM model(s) and the warped images, an adaptive reset mechanism to keep the relevancy of the 

GMM modeling system; along with adjacent views (both texture and depth) for GMM learning to 

cope with frequent view changes.  

(a) Proposing a comprehensive view synthesis technique based on the proposed hole-filling 

techniques. This synthesised frame can be used as an additional (fourth) reference frame in the 

motion estimation for MVC. Due to the high similarity of the proposed synthesised view with the 

current view, the proposed view synthesis technique should provide higher compression compared 

to the conventional three view as a reference. This process also reduces the number of reference 

views for encoding multiview video (MVV) and is thus able to reduce the computational time. 
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1.3 Aim and Objectives  

The aim of this thesis is to propose enhanced view synthesis techniques for free viewpoint 

video (FVV) using temporal modeling in terms of novel hole-filling techniques and verify its 

applicability for coding/compression applications. To achieve this aim, the main objectives of this 

thesis are as follows. 

i) To propose a new hole-filling technique by reducing the number of holes in the 

background areas of the synthesised view based on the learned GMM models.  

ii) To enhance the hole-filling technique proposed in (1) by introducing a weighted average 

strategy to balance the contribution of the pixel intensities of the GMM models and the 

warped image in both foreground and background. 

iii) To further enhance the hole-filling technique proposed in (2) by considering the adjacent 

views (single view considered in (2)) for warping process and weighted average strategy 

to recover missing pixels in both foreground and background by using learned models. 

Furthermore, to see the effectiveness of the proposed technique, motion estimation is 

applied with the synthesised image and immediate previous frame of the current view 

within the MVC framework. 

iv) To propose a novel hole-filling technique (enhancing the technique in (3)) by 

introducing an adaptive weighted average of the pixel intensities from the corresponding 

GMM model(s) and the warped images. An adaptive reset mechanism is also used to 

reset GMM parameters if the contribution of the learned information drops significantly 

to recover missing pixels. Moreover, an MVC encoder is designed using the view 

synthesis technique. This is to improve the RD performance and reduce computational 

time of MVC by considering the synthesised view as an additional reference view. 
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v) To further enhance the hole-filling technique in (4) by considering the side view 

information (both texture and depth) for GMM learning, where viewing angle changes 

frequently. 

 

1.4 Brief Methodology  

This thesis is divided into four phases as follows. 

Phase 1: Three new hole-filling techniques are developed in this phase to reduce the 

number of holes for quality synthesised views. The considerations and work procedure can be 

summarised as follows. 

(i) The idea is to encode a subset of views, while the decoder generates the other desired 

views. In this process, each view is warped into the target viewpoint (virtual view). 

Then the warped views (texture images) are blended to overcome the created holes due 

to the interpolated/extrapolated virtual view. 

(ii) GMM is used to exploit temporal correlations of the available frames of the target 

viewpoint.  

(iii) The background and foreground pixels are identified based on learned GMM models. 

Then, the missing pixels of the background are recovered from (a) the pixels intensities 

of the learned GMM models, or (b) weighted average pixel intensities between the 

warped image and learned GMM models. Based on these, two new hole-filling 

techniques will be proposed. 

(iv) The hole-filling technique in (iii) (b) is enhanced by considering adjacent view for the 

warping process. Moreover, to evaluate the performance of the proposed view synthesis 
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technique, motion estimation is applied with the synthesised image and immediate 

previous frame of the current view within the MVC framework. 

(v) Finally, the performance verification and comparison are completed. The proposed 

techniques provide better virtual views compared to other related methods. 

Phase 2: The hole-filling technique in Phase 1 is further enhanced here by considering the 

following: 

(vi)  An adaptive weighted average between the learned GMM models and the blended 

image is developed depending on the motion of the foreground. If the contribution of 

the GMM models drops significantly, GMM resets the parameters as needed, to 

maintain the quality of the synthesised view. 

The main attributes of this technique are: 

a. Adaptive weighting. 

b. Adaptive auto resettable strategy for pixel modeling.  

(vii) Performance comparison is made by comparing with standard benchmarks (i.e., 

view synthesis reference software (VSRS) (reference software for testing the 3D video 

and FTV project developed by 3D video coding team)) and related works (i.e., 

inpainting, IM and BU) for proposed technique/strategy validation. 

Phase 3: An MVC encoder is designed based on the enhanced hole-filling strategy in Phase 

2 

(viii) In MVC, a current frame of a current view is coded by considering disparity among 

reference frames of adjacent views and the previous frame of the current views.  

(ix)  The synthesised frame in Phase 2 is considered as a reference frame with the 

immediately previous frame of the current view for MVC. 
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(x) The synthesised frame in Phase 2 is considered as an additional reference frame  

for MVC motion estimation. 

(xi)  Then an improved RD performance and reduced computational time are introduced 

for MVC.  

The main attributes of this technique are: 

a. View synthesis using synthesised images.  

b. Introduce four reference and two reference techniques instead of the standard 

three reference MVC. 

(xii) Performance comparison is made by comparing with conventional three reference 

MVC framework for proposed technique/strategy validation. 

Phase 4: A view synthesis technique is developed here based on the side view GMM 

model’s where viewing angle changes frequently.  

(xiii) Adjacent reference viewpoint textures images are warped into the target viewpoint 

(virtual view). Then the warped views (texture images) are blended to reduce the 

number of holes created through the warping process. 

(xiv) Adjacent reference viewpoint texture images and depth maps are used to learn 

GMM instead the target viewpoint to generate a most common frame in a scene 

(McFIS). McFIS is generated from the most recent GMM model(s) which provides a 

smaller ratio between weight and standard deviation. 

(xv) Then, both texture McFISes are warped into the target viewpoint by using their 

corresponding depth McFISes and both warped McFISes are merged.  
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(xvi) Then, based on the number of GMM models, refine pixel intensities of the 

synthesised view by using a weighting factor to balance the contribution of the pixel 

intensities of the merged McFIS and the blended image (from (xiii)).  

(xvii) Performance comparison is conducted by comparing with standard benchmarks 

(i.e., VSRS) and related works (i.e., inpainting, IM and BU) for proposed 

technique/strategy validation. 

 

1.5 Research Scope 

For FVV and MVV viewing, view synthesis is essential. For quality view synthesis existing 

hole-filling techniques need to be enhanced. This is the focus of this thesis. Toward this target, the 

scope of this thesis are as follows: 

1. The objective performances of the proposed techniques are evaluated based on peak-

signal-to-noise-ratio (PSNR) as it is a well-recognised performance parameter in the 

image and video coding fields. Moreover, the subjective quality assessment is also 

considered in this thesis to evaluate the performances of the proposed techniques. 

2. For performance comparisons, most of the time rectified MVV sequences are considered 

due to the simplicity.  

3. Unlike in general scenarios, static cameras are used in the FVV and MVV. Therefore, 

the video sequences captured by static cameras is considered.  

4. In the experiments (Chapter 3 and Chapter 4), assuming that the synthesised previous 

images of the target viewpoint are already available for learning GMM. 

The rest are out of the scope of this thesis. 
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1.6 Philosophical Statement 

The hole-filling techniques using temporal correlation are based on the assumption that an 

occluded background in one frame may become visible in other frames when the foreground 

object(s) move(s) away. A few researchers [8][9][10] have used the GMM technique for view 

synthesis with a static background frame generated from the GMM. It has been observed that the 

GMM technique can provide rich information about the past behaviour of the pixels. For example, 

if a pixel position possesses similar intensity over a period of time, i.e., for a number of frames, it 

is represented by a single model which indicates that the pixel is a part of a background. On the 

other hand, if a pixel position possesses different pixel intensity, then it is represented by multiple 

models. This indicates that the pixel has both background and foreground at different times. 

Therefore, the hypothesis of the thesis is that the number of GMM models would be a good 

indicator to identify background/foreground pixels. Moreover, GMM models contain more 

correlative data compared to the static background frame used in [8][9] to recover missing pixels 

in the synthesised view.  

In this process, each pixel is modelled individually using the GMM technique. Then, the 

missing pixel intensities of the background and foreground areas are recovered from the weighted 

or adaptive weighted intensities between the blended image and the learned background and 

foreground model(s) of the GMM. These hole-filling approaches provide better pixel 

correspondence compared to the existing related techniques, as all decisions related to foreground 

and background are made based on the number of models and the missing pixels are recovered 

using the pixel intensities in the models. 
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1.7 Contributions and Achievements 

The main contribution of this thesis is an enhanced view synthesis technique using 

temporal modeling with the applications in the MVC encoding framework. Moreover,  two new 

MVC frameworks, i.e., four and two reference frames  are proposed focusing on the improved RD 

performance and reduced computational time respectively.  Some  contributions of the thesis have 

been already published/accepted in different reputed journals and conferences.  

The details achievements are: 

1. A novel hole-filling technique using GMM models. This technique is able to reduce the number 

of holes in the background areas and improve the quality of the synthesised view for FVV. 

This research work has been published in the IEEE Conference on Image and Vision 

Computing New Zealand, 2015 [32]. 

2.  Introducing a weighted average strategy to recover missing pixels in both foreground and 

background using learned GMM models. This contribution has been published in the IEEE 

International Workshop on Hot Topics in 3D - Hot3D (in conjunction with International 

Conference on Multimedia and Expo (ICME)) 2016 [33]. 

3. An enhanced hole-filling technique considering the adjacent views for the warping process. 

Moreover, the proposed synthesised view is used for motion estimation in the MVC framework 

to improve coding efficiency and reduce computational time. This research work has been 

published in the (i) IEEE Conference on Digital Image Computing: Techniques and 

Applications (DICTA) 2016 [34], and (ii) Elsevier Journal on Signal Processing: Image 

Communication 2017 [35]. 



Introduction 
 

15 

 

4. An adaptive strategy to reset GMM if the contributions of the learned models drop 

significantly. This adaptive strategy helps to balance the contribution of the learned models 

and blended image when the motion of the foreground present in the available frames, resulting 

in enhanced hole-filling technique and improved synthesised view quality. Moreover, this 

improves RD performance and reduced computational time of MVC using the synthesised 

view as a reference view. This technique ultimately extends the application in many real-time 

dynamic activities including sports, remote surgery, computer game, 3DTV and FTV. These 

contributions have been published in the (i) IEEE Transactions on Image Processing 2018 

[36], (ii) IEEE International Workshop on Hot Topics in 3D - Hot3D (in conjunction with 

International Conference on Multimedia and Expo (ICME)) 2016 [37], and (iii) IEEE 

Conference on Digital Image Computing: Techniques and Applications (DICTA) 2017 [38]. 

5. A comprehensive view synthesis technique using side view information (both texture and 

depth) for learning GMM to cope with frequent changes of viewing angles. This is also useful 

to overcome the error introduced in the warping process with a specific weight to accommodate 

the changes due to dynamic background and motions of moving objects for view synthesis. 

This research work has been accepted at (i) IEEE Conference on Visual Communications and 

Image Processing (VCIP) 2018 [39], and (ii) IEEE Conference on Digital Image Computing: 

Techniques and Applications (DICTA) 2018, (Submitted) [40]. 
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1.8 Organization of the Thesis 

The thesis is organised in terms of six (6) chapters (as shown in Figure 1.2). Chapter 2 

comprises the literature review, where previous research works on view synthesis, hole-filling 

 

Figure 1.2: Chapter overview 
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• View Synthesis for Free Viewpoint Video and Multiview Video
Coding: A Review

Chapter 3

• Hole-Filling Using Temporal Information of Virtual Viewpoint for
Quality Video Viewing

Chapter 4

• Virtual View Quality Enhancement Through Synthesised Frames
Learning for Multiview Video Coding

Chapter 5

• View Synthesis Using Side View Information to Allow for Instant
and Frequent View-Switching

Chapter 6

• Conclusion
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technique and MVC are discussed in detail, with their respective pros and cons. Chapter 3 presents 

the proposed hole-filling techniques with their step-by-step work procedure with its performance  

analysis. Chapter 4 presents the design procedure of the proposed comprehensive virtual 

view synthesis for FVV and MVV compression. The performance analysis and comparison are 

also conducted here for benchmarking of the proposed technique, and Chapter 5 discusses a new 

view synthesis using side view information. Finally, Chapter 6 gives the conclusion followed by a 

discussion of possible future research directions. 
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Chapter 2  

View Synthesis for Free Viewpoint Video and 

Multiview Video Coding: A Review 

 

 

2.1 Introduction 

Multiview video (MVV) transmission is an emerging multimedia technology that can 

provide users with visually realistic experience of an environment [28]. MVV transmission 

systems are capable of transmitting multiple views of a scene simultaneously. The coverage area 

of a scene and the ability of the user to enjoy stereoscopic 3D videos with satisfaction depends on 

the number of cameras used and their arrangement [41]. A viewer must use a special viewing glass 

to watch the stereoscopic 3D video with limited viewpoints (two or three) [1]. After watching 3D 

videos/movies, almost 88% of people are affected by various levels of a headache, nausea, and 

disorientation [42]. Free viewpoint video (FVV) provides a new viewing experience with a higher 

degree of freedom compared to the 3D video so that the user can choose any viewpoint around the 

360-degree environment without using a viewing glass. This creates new challenges in transmitting 

a large amount of video data (with efficient compression) to the encoder (i.e., transmitter which 

converts video data to a specialised format for efficient transmission or storage). Similarly, the 

decoder (i.e., a receiver which convert of an encoded format back into the original format) needs 

powerful processing capabilities to decode and process the video data for viewers. Multiview video 
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coding (MVC) efficiently compresses and processes video data, which is vital for pleasant FVV 

viewing. A thorough review of FVV, video data compression, and MVC are conducted and 

presented in this chapter. 

View synthesis is a technique that can be used to reduce transmission bandwidth by sending 

limited viewpoint videos through an encoder and generating the required viewpoint video at a 

display unit. The main problem with view synthesis is that some portions of the background may 

not be visible in the virtual viewpoints. This problem is referred to as ‘occlusion’. The quality of 

the synthesised view depends on the performance of hole-filling techniques, which are essential to 

fill in the missing pixels in the final synthesised view. Most reference software exploits spatial 

and/or temporal correlation to fill the holes that occur during view synthesis. However, in the 

spatial domain, hole-filling techniques cannot fill all missing pixels correctly, due to low spatial 

correlation at the perimeter between the foreground and the background pixels. To overcome this 

shortcoming, available textures of the virtual viewpoint or adjacent viewpoint are learned using 

Gaussian mixture modelling (GMM), so as to exploit temporal correlation. This chapter reviews 

the details of view synthesis, fundamentals of the GMM techniques, and occlusion handling (hole-

filling) techniques based on the spatial and temporal correlation. 

The chapter is organized as follows (shown in Figure 2.1). Section 2.2 presents the 

significance and applications of view synthesis for MVV. Section 2.3 discusses MVV processing 

basics. Section 2.4 shows the MVV data acquisition procedure, and Section 2.5 presents the 

significance of video data compression. In Section 2.6, the fundamental steps of the view synthesis 

are discussed. Section 2.7 presents existing occlusion handling techniques and Section 2.8 

elaborates MVC standards and the view synthesis for MVC. Finally, Section 2.9 provides a 

summary of the chapter.  
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2.2 Significance of View Synthesis and Applications 

The 3D video provides vivid perception with limited viewpoints captured by multiple 

cameras in a scene. Navigation of viewpoints captured by multiple cameras usually cannot be 

performed in 3D television. The view synthesis technique helps to generate virtual viewpoint 

video, which is not available in the decoder, to navigate viewpoint to select a view angle 

(viewpoint) of a scene with vivid 3D perception [1]. View Synthesis also helps to generate 360-

degree videos of a scene. This synthesised view is used by MVV to improve coding efficiency 

when the synthesised view is used as a reference view. Therefore, view synthesis technique is very 

useful for entertainment, such as free viewpoint television (FVT) [43][44], 3D movies, video 

games, and virtual reality (VR) [45]. It also aids analysis in many applications including sports 

and professional training [46]. Some popular applications with stereoscopic and autostereoscopic 

(multiview) display features are briefly described in the following sub-section.  

 

2.2.1 Stereoscopic and Autostereoscopic Displays 

The stereoscopic display is a special kind of display which generates the impression of 

depth in a scene for the observer via stereo image pairs and active (shutter) or passive (coloured 

and polarized) glasses. To achieve this, left and right view images are displayed in such a way that 

each image is seen by the left and right eyes separately. Stereo visualization was discovered by Sir 

Charles Wheatstone in 1838. Later, Sir David Brewster developed it and designed a portable 3D 

viewing device [46]. Nowadays, displaying technologies are slowly improving and 3D movies are 

generated from a set of multiple views. There are many applications of stereoscopic images, such 
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as the creation of 3D films, stereoscopic video games, posters and books on autostereograms. To 

facilitate stereoscopic applications, users must use a special viewing glass. Recent research shows 

that many people are affected by various levels of a headache, nausea and disorientation after 

watching 3D movies [42].  

To improve viewer satisfaction, superior technologies use optical components in the 

display to enable each eye to see a different image. This is called ‘autostereoscopic display’ and is 

also known as “glass-free 3D” [47]. In this process, the optics divide the images directionally into 

the viewer's eyes. This display facilitates a limited number of view angles or viewpoints to a user 

to create a stereoscopic effect. Automultiscopic displays provide multiple views of the same scene, 

rather than just two. In front of the display, each view is perceptible from a range of different 

positions. This allows a user to move up-down or left-right to watch a viewpoint video from a 

different position. Eight or sixteen views are commonly used for autostereoscopic or multiview 

displays [47]. It provides users the freedom to observe a scene from various angles or viewpoints. 

However, the user cannot choose view angles or viewpoints all around (360 degrees) degrees. To 

address the aforementioned issues, FVV reviews are included in this research. 

 

2.2.2 Free Viewpoint Video 

There are many applications of FVV. Some popular applications are described briefly 

below:  

Movies: Nowadays, many people enjoy watching 3D movies for entertainment. To watch 

a 3D scene created from stereoscopic cameras, specific viewing glasses are essential. However, to 
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watch autostereoscopic FVV (movies) with enhanced perceptual depth, viewing glasses are not 

required, because FVV allows the user to choose an appropriate viewing angle. 

Sports: Due to the ability of the generating virtual viewpoint video, the FVV system is 

very useful for sports events such as football, tennis, cricket and so on. For example, a virtual 

assistance referee (VAR) currently plays an important role to ensure fair play by assessing players’ 

positions and activities (e.g., demanding a penalty) in a football match. The player’s position and 

activities can be determined by generating an appropriate viewpoint on the field. This facility 

provides an opportunity to a commentator to effectively analyse different situations from the match 

during post-match analysis. 

Professional training: The FVV display system is able to facilitate simple video training 

activities for various learners/professionals including surgical personnel, aircraft pilots, martial art 

trainees and teleoperators. This FVV technology allows a trainee to select an appropriate viewing 

angle for better viewing and understanding. 

Video games: Autostereoscopic display has significantly enhanced the realism of video 

games. In video games, an appropriate 3D presentation of a virtual scene is rendered using the 

view synthesis technique, which allows for the clear display of geometric information in order to 

make the scene more lifelike and attractive to users.  

 

2.2.3 Virtual Reality 

Across recent years, there has been significant interest in creating new 3D media such as 

3D immersion and VR applications, especially in the context of 360-degree videos [48]. VR is a 

technology designed to create imaginary environments (replica of the real environment) through 
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computer simulation [49][50]. These immersive environments allow users to play around with the 

visual environment and to watch video according to their individual preferences. They provide a 

360-degree field-of-view experience and, therefore, a better understanding of what is happening 

in the video being watched. VR can be like the real world or fantasy, creating an experience that 

is not possible in normal physical reality. For VR or 360-degree view navigation, an 

omnidirectional camera (i.e., 360-degree camera or MVV camera arrangement [45]) is required to 

capture a scene from 360-degree angles. The resulting video is popularly known as 360-degree 

video. Obviously, a large number of different angled cameras are required in the MVV camera 

arrangement for 360-degree video compared to the traditional MVV. Sometimes, a subset of 

cameras is used to avoid transmission, processing and equipment costs. Thus, a view synthesis 

technique needs to be applied to the available views to create additional views for smooth 

navigation or VR applications 

MVV processing is an essential element in the production/transmission of quality video 

with user satisfaction, which is presented and elaborated upon in the next section. 

 

2.3 Multiview Video Processing Basics 

In the modern world, 3D movies are becoming more popular because viewers perceive 

them to be higher in quality than 2D movies. MVC is essential for 3D video data compression, as 

it reduces memory consumption and transmission bandwidths while maintaining video quality for 

viewer satisfaction. Typical MVV processing steps are shown in Figure 2.2 [51]. MVV processing 

chain can be generally classified into three different steps: (i) 3D video data acquisition, (2) 

transmission with compression and (3) display processing. For example, suppose a 3D movie 
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production unit has captured a scene using multiple cameras with slightly different viewing angles. 

Then, a suitable coding format is used to compress the data (captured scene) and transmit it to the 

receiver. Finally, the received data is processed (decompressed) at the decoder (display unit) for 

display through a device such as 3DTV or FTV [13]. Various 3D video coding techniques are used 

to compress and transmit video data to the decoder. Coding selection is performed based on a 

specific display type/format because the design issues of 3D data processing strongly influenced 

by the display unit. Any compatibility issues involving display type cause inflexibility in the whole 

3D processing chain [2]. Therefore, a suitable coding technique, which is compatible with the 

displaying process, is a hot research topic at present.  

Video data needs to be acquired before performing MVC (refer to Figure 2.2). The 

procedure details for MVV data acquisition are described in the next section. 

 

2.4 Multiview Video Data Acquisition  

In MVV systems, multiple cameras are used simultaneously to capture the same scene with 

slightly different viewing angles [31]. There are two main steps for MVV acquisition: capturing 

and post-processing [52]. In the video capturing step, multiple cameras are simultaneously placed 

 

  

Figure 2.2: A typical framework of an MVC system. 

Encoder Decoder View Synthesis

Video Data Acquisition
Compression and  Transmission 

Display
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in different orientations to capture a scene. To capture a scene, three camera alignment techniques 

are commonly used: (i) the cameras are arranged in a spherical configuration to cover 360-degree 

(x-y-z-axes) angles, (ii) convergent camera setup (i.e., inwards semi-circular camera arrangement, 

with all cameras at the same height) as shown in Figure 2.3 (a), and (iii) linear camera arrangement 

(i.e., cameras are placed along a straight line parallel to the scene) as shown in Figure 2.3 (b).  

Inwards semi-circular camera alignment (convergent camera setup) is the most popular for 

various applications including movies, advertisement, surgical instructions, sports and general 

event broadcasting. However, capturing MVV using a convergent camera setup is difficult for an 

encoder in comparison to the linear camera setup [31]. This can be rectified or simplified by setting 

the angular difference between adjacent cameras to zero (which is similar to linear setting and use 

of many cameras). The reason behind this rectification is that the disparity [53][54] (i.e., the 

translational displacement of a frame in one view, into the frames of the same temporal instance 

in other views) intensity and directions for the scenes are often much more exhaustive and diverse 

across the multiview frames captured using a convergent camera setup [46]. The main problems 

and challenges associated with MVV acquisition systems are temporal synchronisation, 

geometrical calibration and colour corrections among different camera views [55]. During the 

post-processing of images, minor adjustments can be made in terms of colour, subsampling, and 

rectification, which may reduce the complexity of the encoder to convert the image into a 

transmission format. Besides, rectified video sequences can also be used to reduce complexity in 

the encoder. This is beneficial especially for transmitting due to its simplicity in terms of video 

sequences [41][27]. The captured MVV data should be compressed (refer to Figure 2.2) prior to 

its transmission in order to reduce bandwidth consumption. Details on MVV compression are 

presented next in Section 2.5. 
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2.5 Video Data Compression 

To create a lifelike viewing experience, the encoder, decoder and display unit need to 

process at a rate of at least 25~30 frames per second (fps). The frame rate can be increased further 

by using one of the latest coding techniques, such as high-efficiency video coding (HEVC), which 

allows for rates of up to 60 fps [56]. In the modern world, high-resolution videos (images) are very 

popular for watching movies, YouTube browsing, and video streaming, which consumes 

enormous transmission bandwidth. For example, transmission of a typical Poznan Street (PS) 

video sequence with resolution 1920×1024 requires approximately 48 Megabits per second 

(Mbps), which is almost 900 times more than the transmission ability (bandwidth) of conventional 

Integrated Services Digital Network (ISDN) (64 kbps). In addition, the average speed of the 

National Broadband Network (NBN) basic plan is 25 Mbps, which shows that NBN is also unable 

to transmit a single frame without compression [56]. Therefore, efficient MVV compression is 

essential in order to reduce transmission bandwidth, processing time, storage space (memory) and 

  

(a) (b) 

Figure 2.3: (a) Inward semicircular camera arrangement and (b) Linear (parallel to the scene) 

camera arrangement. 
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quick access to data in real-life applications [30], [57]–[59]. MVV acquisition systems are able to 

capture a specific object in a scene with almost the same colours and textures from various 

viewpoints simultaneously [52]. Thus, in a particular viewpoint,  captured successive textures are 

highly correlated which is termed as temporal correlation [60]. In this thesis, the temporal 

correlation has been exploited to improve the quality of virtual viewpoints video and compress 

MVV data. 

The compressed MVV data received at the decoder (refer to Figure 2.2) need to be 

processed (including decompression) to create a synthesised view for display. The view synthesis 

technique and related details are presented next in Section 2.6.    

 

2.6 View Synthesis Technique 

 View Synthesis is the process of read-out and clear presentation of images. In video 

coding, view synthesis is the procedure of generating virtual views (images) from other available 

views (images). Several view synthesis algorithms have been developed by researchers over the 

past decade [7][28], [60]–[64]. View synthesis technique can be classified into two main categories 

depending on input images: ‘N-texture’ [6][65][66] and ‘N-texture and N-depth’, [7] [18][67] 

which are described in the following subsections.   

 

2.6.1 View Synthesis by N-Texture 

View synthesis by N-Texture refers to the creation of ‘virtual view video,’ where an integer 

number of texture images (N) of reference view videos of a scene are used as input without any 
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depth. Researchers have used the light field (LF) [65] and lumigraph [68] rendering techniques to 

generate new synthesised views. In these processes, the key step is to convert the input reference 

view images to 2D slices of a 4D LF function. Then, the real-time new synthesised view can be 

generated in the appropriate direction by simply fusing and resampling the 2D slices. However, 

these techniques are highly dependent on the sampling factor during slice extraction. Hence, any 

discrepancy in sampling may result in an error in the synthesised view.  

Probability-based rendering (PBR) is another method for view synthesis from reference 

view images. PBR is used to synthesise intermediate view from available reference view images. 

In this technique, all possible matching points of the adjacent reference views textures are 

adaptively fused [69]. The main advantage of this technique is that there is no need for depth maps 

for view synthesis. However, this technique suffers from high computational complexity and 

parameter sensitivity. A small variation in parameters causes serious artefacts.  

Spatial-temporal post-refinement is an indirect depth-oriented view synthesis technique, 

where depth maps are estimated/determined through available texture images of the reference 

views. Then, a new synthesised view is generated based on estimated depth maps [29]. The 

performance of this technique heavily depends on depth estimation, and it involves a high level of 

computational complexity.   

To provide viewer satisfaction, the FVV system needs to transmit, receive and process 

video data from multiple views, where the cost of the bit rate increases approximately linearly in 

relation to the increasing number of coded views [31][25]. Therefore, the best strategy would be 

to encode a subset of views (textures and corresponding depth maps) and allow the receiver to 

synthesised the desired view from the limited decoded views.  
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2.6.2 View Synthesis by N-Texture and N-Depth  

View synthesis by N-Texture and N-Depth refers to the creation of ‘virtual view video,’ 

where an integer number of texture images (N) of reference view videos of a scene, their 

corresponding depth maps and camera parameters are used as input. The most popular View 

synthesis technique of this kind is depth-image-based rendering (DIBR), which relies on a depth 

map or the geometry of a scene. A depth map and texture image are used for view synthesis to 

minimize the transmission bandwidth and the computational time. Here, the pixels of an image is 

projected onto a 3D world coordinate system in terms of texture and their corresponding depth 

maps and given camera parameters [4][46], which produces raw virtual view images. A texture 

image and associated depth map are sufficient to extrapolate a view. However, the DIBR process 

degrades the quality of the synthesised views due to the occluded areas of the background being 

covered by the foreground of the target (virtual) viewpoint [8][9][10]. These occluded areas cannot 

be recovered using a single reference view [9].  

For two reference views, two adjacent cameras (with wider viewing angle compared to the 

single reference view), which are able to cover almost all regions seen by the virtual camera are 

used to minimise the occlusion problem. In this technique, both views are warped into a virtual 

position using the DIBR technique. Then, the warped views are blended in order to reduce the 

number of missing pixels in the virtual camera [7][70]. However, in practical applications, only a 

small number of views are transmitted, due to bandwidth limitations[7][71]–[73]. Therefore, the 

limitation of this technique is that the rendered view from a limited number of textures and depth 

maps would miss some pixel information due to the occlusion. 
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In order to generate a synthesised view of adequate quality, the occlusion problem needs 

to be solved properly. The occlusion handling procedure is discussed in the next section. 

 

2.7 Occlusion Handling 

 FVV has attracted considerable attention in recent years, as it provides users the freedom 

to observe a scene from various angles or viewpoints [7][74][75]. A large number of views with a 

small baseline are required to facilitate this experience, which increases transmission bandwidth 

and storage data significantly [6][72]. DIBR is a practical way to reduce storage and transmission 

bandwidth for MVV from colour textures and their corresponding depth maps [7][74]. However, 

in the DIBR technique, certain portions of the virtual view are not visible, due to being blocked by 

the foreground objects (which are termed ‘occlusions’) and this may create holes in the synthesised 

video [18][75][76]. Moreover, the warping process from different views causes another source of 

  
(a) (b) 

Figure 2.4: (a) Reference frame and (b) warped frame. 
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error due to the rounding-off pixel position coordinates. The error (E) is generally represented by 

the difference between the exact mathematical value (Ν) and the stored/computed approximated 

value (Ν̃) as shown in Equation (2.1): 

𝛦= 𝑁 − �̃� (2.1) 

To create a two-dimensional image, each point in the image is assigned a color which can 

be specified numerically. A point in the 2D image can be identified by a pair of numerical 

coordinates (i.e., rows and columns of pixels). A pixel in such an image is a segment, which is 

usually specified by a specific column and row. In terms of coordinates, a pixel can be identified 

by a pair of integers giving the column number and the row number. For example, the pixel with 

coordinates (3,5) would lie in column number 3 and row number 5. The warping process has 

multiple steps to find new coordinates. Sometimes, some position (i.e., coordinates) get multiple 

color values, whereas some position may have missing color values. For example, the pixel with 

coordinates (x1, y1) (e.g., (3,5)) and (x2, y2) (e.g., (3,6)) would warp into the target viewpoint using 

camera parameters. The pixel coordinates are warped in the position (x1
/
, y1

/
) (e.g., (8.00,12.55)) 

and (x2
/
, y2

/
) (e.g., (8.00,12.85)) after division and multiplication in the warping steps by using 

camera parameters. However, both pixels coordinates show the same coordinates after rounding 

(x/, y/) (e.g., (8,13)) as shown in Figure 2.4 (array represents integer number in programming 

platform).  There is a high chance of missing pixel information (x/, (y/-1)) (e.g., 12, 12). This kind 

of rounding-off pixel position coordinates during the warping process from different views causes 

a source of erroring in the synthesised view. 

MVVs of a scene are usually captured using multiple cameras with different view angles. 

Therefore, MVV sequences have three kinds of relationships among views and textures, which 
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are: (i) spatial, (ii) temporal and (iii) spatial-temporal correlations. Figure 2.5 shows the three 

above-mentioned correlations, where the vertical and the horizontal axes represent time and view 

number respectively [66]. Usually, a textural block (yellow blocks, View 1) is quite similar to the 

nearest neighbor blocks; this relationship is termed ‘spatial correlation’. MVVs are captured at a 

high rate, usually 25~30 fps [77]. Therefore, the content of the successive frames of the same view 

is almost the same and the relationship between successive frames from the same view is termed 

‘temporal correlation’ (blue blocks, View 1). Moreover, there are similar video contents among 

different views are termed as spatial-temporal or inter-view correlation (red blocks, between View 

0 and View 1). Due to the disparity among different views, the inter-view correlation is much 

weaker than the other correlations [78][77], which is why researchers are motivated to exploit 

spatial and temporal correlation to fill missing pixels in view synthesis. Details of these two 

methods are presented in the following subsections. 

 

 

Figure 2.5: Spatial and temporal correlation in MVV sequence. 
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2.7.1 Occlusion Handling by Exploiting Spatial Correlation 

In the spatial domain, the spatial correlation of videos is exploited to fill missing pixels or 

holes. View blending and the diffusion technique are two basic techniques based on inter-view 

correlation, designed to reduce the number of holes. In the view blending approach, two adjacent 

cameras are placed in such a way as to cover a relatively wider viewing angle compared to the 

single camera [7]. In this blending technique, adjacent warped views are combined into a single 

view to reducing the holes. However, due to bandwidth constraints, only a small number of views 

are transmitted, resulting in some possible missing pixel information in the rendered view [7] [72].  

The diffusion technique is used to improve the quality of the view synthesis at a 

competitive speed. In this technique, either Gaussian or median filter is used to fill small holes of 

a synthesised view with simple content textures [2] [61]. This technique is simple and effective for 

small holes. For large holes, an iterative diffusion process is used to make strong contours; then 

the contour is extended to cover the occlusion areas. However, the iterative diffusion process 

cannot distinguish foreground and background pixels in the perimeter between the background 

and foreground pixels due to low spatial correlations which causes some artefacts in synthesised 

view.  

Two popular hole-filling techniques exploiting spatial correlation are inpainting and 

inverse mapping (IM). Inpainting technique is commonly used to recover missing pixels by 

exploiting spatial correlation without introducing significant blur artefacts [18]. Inpainting is the 

process of recreating missing or deteriorated parts of images or videos. In the digital world, 

inpainting refers to the application of a sophisticated algorithm to recover misplaced or defective 

parts of an image/video data [79]. Most researchers have used an inpainting technique proposed 
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by Criminisi et al. [19] to recover missing pixels for large holes. In this technique, a priority 

function is used to select a patch (i.e., a portion of an image grouped into blocks) around a pixel 

in every iteration. Based on the known overlap of pixels within a region, a patch is determined in 

such a way that the sum of squared differences (SSD) between the source patch and the target 

patch is minimum. In the meantime, the filling order (starting from foreground or background) is 

determined based on the existing structures of the image [8]. Research shows that most of the 

missing pixels in an image are in background areas [8]–[10]. In this inpainting process, the 

extended edges are favored over others to construct the priority function. This method is capable 

of preserving both the texture and structure of images due to the clever use of priority function and 

patches [18]. To fill the missing pixel areas, it is necessary to find out (by searching) completely 

known and exact fit patches. This exhaustive search in each frame requires a large amount of 

computational time, and, as a result, the process becomes slow. Later on, the depth map is used to 

limit the search regions.  

In the extended inpainting technique, the depth map is used to refine the priority calculation 

to fill occlusion areas [20]. To refine the priority structural textures, tensor-based structure 

propagation techniques used for tuning priority function using a local geometry-based inpainting 

approach [21]. A 3D structure tensor of a Di Zenzo matrix is used to compute the priority and add 

depth information for patch matching [16]. However, the techniques used in [20][16] both use the 

depth map of the virtual viewpoint, which is not practical. To address this issue, the depth values 

of the virtual view are computed during the filling process [17], which may create artefacts in the 

hole regions when the depth values are incorrect [10]. To construct a robust match priority, a 

Hessian matrix structure tensor is presented through depth-based foreground and background 

analysis [19]. The main disadvantage of this approach is that if there are any wrong decisions 



View Synthesis for Free Viewpoint Video and Multiview Video Coding: 

A Review 
 

36 

 

during the process of pixel-filling, it cannot backtrack. In [2], blocks with missing pixels were 

sorted out in terms of decreasing difficulty for inpainting. In this technique, explicit instructions 

called auxiliary information (AI) of the most difficult blocks is transmitted to guide the decoder in 

the reconstruction process. The decoder can independently fill up missing pixels in the blocks that 

are easy to inpaint via a template-matching algorithm. The extended inpainting technique cannot 

distinguish between foreground and background pixels accurately. This is due to low spatial 

correlation in the perimeter between foreground and background pixels. 

IM is another popular technique for hole-filling [7][76]. This technique re-maps the 

missing pixel locations of the original view based on the column-shifts of the neighbouring region 

of the visual field. In this way, holes can be mapped backward to one of the original views to 

identify the missing pixel values [7][76]. IM also exploits spatial correlation, so it suffers from the 

hole-filling problem in the foreground-background boundary areas. 

Spatial filling methods try to fill missing pixels with visually plausible backgrounds 

according to some spatial correlation assumptions. This process causes quality degradation in the 

final synthesised view, due to a lack of spatial correlation in the foreground-background boundary 

areas for both inpainting and IM techniques. The above problems can be solved using techniques 

that are formed by exploiting temporal correlation, details of which are presented in the next 

subsection. 

 

2.7.2 Fundamentals of GMM 

GMM is a popular technique for modeling each pixel (pixel level) of a scene. The Gaussian 

model represents the colour or intensity distribution of one of the different environmental 
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components, e.g., static background and moving objects, observed by the pixel over time [25][26]. 

Various approaches for background modeling and updating are discussed in [25], [26], [80], [81]. 

The GMM is performed at the pixel level, where each pixel is modelled independently by a mixture 

of K Gaussian distributions (a common setting is K = 3) [9]. Each GMM is parameterised by two 

types of values, the mixture component weights (ωk) (i.e., size of the cluster) and the 

component means (μk)  (i.e., an average of all data) and variances (σk
2) (i.e., average squared 

deviation from the mean). The mixture component weights are defined as  ωk with the constraint 

that  ∑ ωi,t
K
i=1 = 1 so that the total probability distribution normalizes to 1 [8][9]. The Gaussian 

mixture distribution with K components can be written as Equation (2.2) 

𝑝(𝑥𝑡) = ∑ 𝜔𝑖,𝑡

𝐾

𝑖=1

 . 𝜂(𝑥𝑡, 𝜇𝑖,𝑡, 𝜎𝑖,𝑡
2 ).  

(2.2) 

where p(xt) represent the probability density of the pixel xt at time t and η is the Gaussian 

function presented as Equation (2.3). 

𝜂(𝑥𝑡, 𝜇𝑖,𝑡, 𝜎𝑖,𝑡
2 ) =

1

√2𝜋𝜎𝑖.𝑡
2

 𝑒
(−

(𝑥𝑡−𝜇𝑖,𝑡)
2

2𝜎𝑖,𝑡
2 )

. 

(2.3) 

The GMM technique usually works in two steps. In the beginning, each pixel is modeled 

using the GMM technique, which is learned through online approximation. Then, objects in the 

current frame are identified based on a predefined threshold which differentiates foreground pixel 

intensity from background pixel intensity. The technique in [80] uses a predefined threshold(s) on 

the relative information of the amount of background and foreground in a video to model the 

dynamic background. It is very difficult and sometimes impossible to get prior knowledge about 

the ratio of background to foreground in a video. To address the predefined threshold problem, 
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techniques in [25][26] use recent pixel values of the selected Gaussian model to separate 

background and foreground pixels. Due to the inherent capacity of the GMM to identify 

foreground and background pixels, in this thesis, the GMM is used to recover occluded areas 

(edges between background and foreground) for the proposed view synthesis technique (see details 

in section 2.7.2).   

2.7.3 Occlusion Handling by Exploiting Temporal Correlation 

Use of the inpainting technique in successive frames cause a flickering effect in the final 

synthesised video sequence due to the depth error or randomness of the existing algorithms. 

Though there are a number of techniques to reduce flicker in the synthesised video, the focus of 

popular research in this field is to exploit temporal correlation instead of spatial correlation. The 

temporal correlation method is popularly known as the background update (BU) technique. It is 

based on the assumption that an occluded background in one frame may become visible in other 

frames when the foreground object(s) move(s) away [10]. To address the hole-filling problems in 

the foreground-background boundary areas, the BU technique uses Gaussian mixture-based 

modelling (GMM) approach to exploit temporal correlation for improving the quality in some 

occluded areas. In this process, average background models have been employed to extract the 

static background frame of a scene. Then, the static background frame is used to recover the 

missing pixel in the occluded areas. However, this technique does not become effective for the 

fast-moving scene.  

The techniques used in [9][8] generates a static background frame by exploiting temporal 

correlation. In addition, Yao et al. considered conventional inpainting and clustering techniques 

depending on the depth map to remove foreground objects (if any) [9][8]. Clustering is the task of 
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grouping a set of pixels in such a way that pixels in the same group (called a cluster) are more 

similar (in some sense) to each other than to those in other groups (clusters) [23][24]. This 

technique is able to improve the quality of the view synthesis significantly in comparison with 

other techniques including inpainting techniques [19]. However, this technique can result in 

quality degradation due to its dependency on inpainting, warping of a background image and 

clustering methods. Inaccuracy at any of these steps may reduce the quality of the view synthesis. 

Any error in depth map may lead to additional artefacts in the background and/or foreground [10]. 

Besides, background frames generated using GMM models are sorted based on the ratio of weight 

(i.e., size of the cluster) and standard deviation (i.e., the square root of the average squared 

deviation from the mean), without any pixel value (and/or their changes) information, which 

causes a poor background frame in view synthesis [25]. The weight represents the relative 

importance of each model within the Gaussian mixture models in terms of a number of times the 

model referenced using pixel intensities and the standard deviation of a model represents the 

fluctuation of the pixel intensities within the model. Thus, the ratio of both is used as a good 

indication to present the background and foreground pixel. A background reconstruction-based 

hole filling technique is proposed in [10][22]. In this process, foreground objects are automatically 

extracted by using modified GMM and the segmentation algorithm. Inaccuracy at any step, 

especially when implementing the segmentation algorithm (due to high parameter sensitivity), may 

result in a poor-quality background frame and degrade the quality of the final synthesised view. 

Performance comparison among various hole-filling techniques (spatial and temporal) in terms of 

methods used and relative advantages/disadvantages are shown in Table 2.1.  

Although temporal correlation is used in view synthesis to update the background, no 

researcher so far has used the pixel intensities of the GMM models to fill the missing pixels. The 
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GMM models contain more correlative data compared to the static background frame used to 

recover missing pixels in the synthesised view. In the thesis, the GMM model history has been 

explored to fill the missing pixels in the synthesised view. 

 

Table 2.1: Performance comparison among various hole-filling techniques. 

Method Advantages Disadvantages Comments 

Probability-

based 

rendering 

(PBR) [69] 

No need for depth 

maps when generating 

the synthesised view. 

High computational 

complexity and 

parameters 

sensitivity. 

The synthesised view is 

almost free from a hole 

filling problem since 

possible matching points of 

reference views of images 

adaptively fused. Subjective 

quality of the final 

synthesised view is 

moderate due to artefacts. 

Spatial-

temporal post-

refinement 

[66] 

No need for depth 

maps. 

The high 

computational 

complexity involved 

in the estimation of 

depth maps from the 

available texture 

images.  

Performance heavily 

depends on the quality of 

the generated depth maps.  

Inpainting 

technique [19] 

Simple technique. High computational 

time.  

Blur artefacts visible in the 

foreground-background 

areas. 

Depth 

oriented 

inpainting 

Less computational 

complexity compared 

They assume that the 

virtual viewpoint 

depth map is available 

Better results compared to 

inpainting technique [19]. 
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techniques  

[20][16] 

to simple patch-based 

inpainting technique. 

for inpainting (the 

texture of that view) 

which is practically 

not available. 

Template-

matching 

technique [2] 

Easy to inapaint 

missing pixels.  

This technique 

increases 

computational 

complexity and 

transmission 

bandwidth.  

Better- synthesised view 

compared to inpainting 

techniques. 

Inverse 

mapping (IM) 

Simple technique.  Cannot distinguish 

foreground and 

background in the 

boundary region. 

Quality of the final 

synthesised output better 

than inpainting technique  

Background 

Update (BU) 

Technique 

[8][10][22]  

Performances better 

than inpainting 

techniques 

This technique 

handles separate 

algorithms for each 

step such as 

foreground extraction 

and background 

reconstruction and 

inpainting techniques.  

 

Better temporal coherence 

compares to the spatial 

correlation technique. 

However, final synthesised 

view quality heavily 

depends on performances of 

the foreground extraction, 

background reconstruction, 

and inpainting techniques.  
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2.8 Multiview Video Coding  

MVC is a video coding standard for efficient encoding of video sequences captured 

simultaneously from multiple cameras with slightly different angles. Compared to a single view 

video, MVV requires a large amount of transmission bandwidth, storage, computational time and 

data manipulation. Recently, H.264/MVC and 3D-HEVC [54][82] proposed both temporal 

prediction and inter-view prediction structure as shown in Figure 2.6, which improve compression 

efficiency by exploiting intra- and inter-view redundancy. This inter- and intra-view redundancy 

provides 20% bitstream reduction in comparison to the process of encoding each view separately 

[27]. 

To encode the current frame, this scheme considers neighboring (already encoded adjacent) 

frames (S) and the immediately previous temporal frame (T) as reference frames. In this encoding 

process, the base view (S0) coded using only intra view prediction. Whereas the predicted (P) view 

 

Figure 2.6: MVC prediction structure for different views. 
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is coded based on a previous reference view and bi-predicted view (B) is predicted based on both 

the previous view and the next view (i.e., inter-view and intra-view prediction) as shown in Figure 

2.6 [83].However, it creates high-level complexity due to its dependency on intra- or inter-frames 

[83]. H.264/MVC requires more computational time compared to the H.264/AVC. Therefore, 

electronic devices such as smartphones with limited processing capacity and battery power cannot 

fully exploit MVC techniques, meaning that the technique has limited scope in practical 

applications. In reality, less computational time with better rate-distortion (RD) performance is 

highly desirable.  

View synthesis techniques are recognized as a promising tool for rendering views from 

multiview video plus depth (MVD) to support advanced 3D video coding [3][64]. Recently, a group 

composed of video coding experts from the International Organization for Standardization (ISO), 

Moving Picture Expert Groups (MPEG) and the International Telecommunication Union (ITU) 

has jointly developed efficient video coding tools, such as 3D high-efficiency video coding (3D-

HEVC) [54][27][82][3]. The main focus of the technique presented in [29] is to integrate a 

synthesised or disparity-adjusted view into the block-based RD optimization framework to 

improve prediction in MVD. For this, they generated a virtual view and introduced a skip and 

direct mode using the synthesized view. However, they did not include any explicit hole filling 

techniques to improve the quality of the synthesized view to addressing occlusion and error due to 

rounding integer problems. Therefore, the view synthesis prediction in [29] does not provide 

significant compression ratio improvement compared to 3D-HEVC.  

3D-HEVC provides the best compression ratio for MVD data by exploiting the view 

synthesis optimization (VSO) coding tool [27]. A VSO technique has been proposed to calculate 

the exact view synthesis distortion by employing a measure called synthesis view distortion change 
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(SVDC) [84]. Here, view rendering is performed iteratively in the encoding process to compute 

the RD performance. This technique achieves high compression efficiency, but it imposes heavy 

computation burden on the encoder. In another method [62], view synthesis distortion and depth 

distortion models without view rendering are proposed to reduce computational complexity. 

However, the accuracy is lower than expected [62]. In [85], view synthesis distortion estimation 

for advanced video coding (AVC) and HEVC-compatible 3D video coding (3DVC) technique is 

proposed, where the view synthesis distortion function can consistently achieve positive coding 

gains.  

To improve RD performance and computational time for MVC, proposed view synthesised 

technique is used to generate an extra reference frame by exploiting the disparity among adjacent 

views. Then, to asses the effectiveness of the proposed view synthesis techniques, the generated 

frame uses as an additional reference frame in the motion estimation for MVC. Due to the high 

similarity of the proposed view synthesis with the current view, this technique provides better 

prediction compared to the conventional three reference (i.e., two frames from adjacent views and 

the previous frame of the current view). 

 

2.9 Summary 

In this chapter, a thorough review of the fundamental idea of view synthesis, work 

procedure, application of FVV, MVV, various hole-filling techniques, GMM and MVC has been 

presented. Most of the recent view synthesis with GMM-based hole-filling and MVC-related 

techniques where the researchers tried to improve the final synthesised views were also presented 
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here. Detailed analysis (advantages, disadvantages and research gaps) to find the research 

directions for further enhancement of FVV were also discussed.  

Through this review it has been found that, the view synthesis technique for 3D video and 

FVV using existing view(s) can avoid the large volume of video data transmission. Existing 

techniques may concern low-rendering quality by missing pixel values (i.e., creating holes) due to 

the occluded region, rounding integer of the pixel coordinates and depth error through warping 

process. To address these problems with the existing techniques uses correlations in spatial texture 

only or both spatial texture and temporal background. The former techniques (e.g., inpainting) 

suffer quality degradation due to lack of spatial correlation on the foreground-background 

boundary areas. The latter techniques (e.g., BU) can improve quality in some occluded areas. 

However, this technique is not effective due to the dependency on inpainting, warping of a 

background image and clustering methods. The inaccuracy of any of these steps reduces the quality 

of the view synthesis. Moreover, this technique uses a depth map to remove foreground; an 

imperfect depth map may lead some artefacts from the foreground to the background. To address 

the aforementioned issues, more work needs to be done to identify foreground and background 

pixels and then fill the hole with appropriate pixel intensities for a better virtual view. A temporal 

correlation considering the pixel behaviour in the past may be a good indicator and approach to 

fill the hole. An extra measure may need to be embedded in the hole-filling approach to determine 

foreground or background of a pixel position at the repairing moment as a pixel position may be a 

part of foreground or background in different time. Sometimes, a pixel position may have subtle 

differences due to illumination change or dynamic background. For these cases, a pixel intensity 

may be the resultant of the mixture of a number of phenomena, thus has to be repaired using 

different sources of pixel intensities. Moreover, a pixel intensity may not have any correlation with 
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the past intensities due to a scene change, object motion, or illumination change, thus, these 

phenomena should be detected, and an adequate mechanism has to be taken to tackle this for the 

hole-filling mechanism.  Apart from the popular applications of view synthesis in the realistic 

3D viewing experience, another possible application of the view synthesis would be in the 

multiview video data compression paradigm. The thesis will address the above-mentioned 

phenomena and provide a better-quality view for viewing experience and a better 

compression approach without sacrificing video quality with reduced computational complexity 

compared to the state-of-the-art method.    
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Chapter 3  

Hole-Filling Using Temporal Information of Virtual 

Viewpoint for Quality Video Viewing 

 

 

 3.1 Introduction 

A person’s stereoacuity determines the minimum image disparity they can perceive as 

depth. Stereoacuity is the smallest detectable depth difference that can be perceived in binocular 

vision (i.e., vision using two eyes with overlapping fields of view) [86]. Approximately 12% of 

people are unable to properly see 3D images, due to a variety of medical conditions 

[87][88]. According to another experiment, up to 30% of people have a very weak stereoscopic 

vision, preventing them from perceiving depth based on stereo disparity. This nullifies or greatly 

decreases the immersion effects of stereo to them [87]. Therefore, researchers are trying to find 

new multimedia technologies to reduce the above problems, where free viewpoint video (FVV) is 

one of the choices.  

In FVV, the user can navigate around a 360-degree field of view. However, FVV brings 

challenges to the encoder as it requires the encoder to handle a large amount of multiview video 

(MVV) data. To reduce the data transmission bandwidth of the FVV system efficiently, 

interpolation/extrapolation of viewpoint video from reference view(s) is gaining popularity. 

Depth-image-based-rendering (DIBR) techniques are normally used to generate virtual viewpoint 
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video from the reference view textures and their corresponding depth maps. However, sometimes 

virtual view has some missing pixels due to the inaccurate depth map, low-precision integer 

rounding errors and problems relating to occlusion. Inpainting and inverse mapping (IM) 

techniques are the two most effective techniques for the recovery of missing pixels through the 

exploitation of spatial correlation. However, these techniques are not effective for the recovery of 

missing pixels at foreground/background boundaries due to a low spatial correlation between 

missing pixels at the foreground/background boundaries.  

To overcome the above issues, in the proposed hole-filling technique, Gaussian mixture 

modelling (GMM) method is used to exploit the temporal correlation of the available frame of the 

target viewpoint video. The GMM can retain the past behaviour of the pixels and provides highly 

correlative pixel intensities from the models to fill missing pixel in the view synthesis. The 

background and foreground pixels are identified and then modified depending on the Gaussian 

distribution. Then, based on foreground/background classification, the missing pixel intensities of 

the background pixels are selected from the most common frame in a scene (McFIS) to improve 

the background of the synthesised view. Whereas the foreground pixel intensities are selected from 

the blended image or weighted average between the pixel intensities of the blended image and 

learned foreground models. These techniques improve the pixels correspondence by treating the 

background and foreground pixels separately. In this Chapter, three hole-filling techniques are 

presented to recover missing pixels in (i) the background areas using two views (ii) both the 

background and foreground areas using one view, and (iii) both background and foreground areas 

using two views.   

This chapter is organised as follows (shown in Figure 3.1). The models and theories based 

on which the new hole-filling techniques have been developed are ‘depth image-based rendering’ 
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and ‘pixel modelling’, presented in Sections 3.2 and 3.3 respectively. These two sections are the 

basis of all the proposed methods (presented in Chapters 3, 4 and 5) in this thesis. These sections 

are followed by proposed hole-filling techniques in Section 3.4; with corresponding results and 

discussions in Section 3.5. The chapter summary is presented in Section 3.6. 

Four articles have been published based on work outlined in this chapter: 

 (i) D. M. M. Rahaman, and M. Paul, “Free view-point video synthesis using Gaussian 

mixture modelling,” IEEE Conference on Image and Vision Computing New Zealand, 2015 [32].  

 (ii) D. M. M. Rahaman, and M. Paul, “Hole-filling for single-view plus-depth based 

rendering with temporal texture synthesis,” IEEE International Workshop on Hot Topics in 3D - 

Hot 3D (in conjunction with International Conference on Multimedia and Expo (ICME)), 2016 

[33].  

(iii) D. M. M. Rahaman, and M. Paul, “View Synthesised Prediction with Temporal 

Texture Synthesis for Multi-View Video,” IEEE Conference on Digital Image Computing: 

Techniques and Applications (DICTA), 2016 [34].  

(iv) P. Podder, M. Paul, D. M. M. Rahaman, and M. Murshed, “Improved Depth Coding 

for HEVC Focusing on Depth Edge Approximation,” in the Elsevier Journal on Signal 

Processing: Image Communication, 2017 [35]. 
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                       Figure 3.1: Chapter Overview 
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3.2 Depth-Image-Based Rendering 

The main challenge for MVV presentation is the encoding, decoding and processing of a 

large amount of data. A view synthesis from available decoded views can significantly reduce the 

amount of video data being transmitted and received. To accomplish this within the MVV system 

framework, an efficient technique is required. The most popular view synthesis technique is DIBR, 

which relies on a depth map (i.e., the geometry of a scene). This method may create holes in 

situations where it is incapable of correctly assessing pixel intensities due to the incorrect depth 

map, integer rounding errors of the pixel coordinates and occlusion [7]. The DIBR technique for 

interpolating or extrapolating a view is described in the following subsections (3.2.1 and 3.2.2).  

 

3.2.1 DIBR with Geometric Transformation 

DIBR with Geometric Transformation (DIBR-GT) is a popular technique for view 

interpolation/extrapolation from reference textures and depth maps using geometric 

transformation information. A geometric transformation refers to a combination of translation, 

scaling and rotation. The DIBR technique takes a reference image, corresponding depth map ( ) 

and camera parameters as input. Depth maps represent the distance of objects from the camera, 

which is quantised into 256 different values, where 0 and 255 represent the farthest and nearest 

distance respectively [66]. Here, 
1  and 3  are considered as View 1 and View 3 textures; 

1  and 

3  are their corresponding depth maps of the same scenes captured by two cameras 

simultaneously. The true depth values (Z) are determined from the encoded depth map  , the 
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farthest depth in a scene, farZ , and the nearest depth in a scene, 
nearZ , as shown in Equation (3.1) 

[7]:  

.
111

 
255

1

farfarnear ZZZ

Z























 


 
(3.1) 

The original texture pixel of 1  and 
3 are projected into intermediate positions based on a 

3×4 complete camera calibration matrix . The matrix is a combination of intrinsic parameters 

(i.e., internal parameters of the camera such as focal distance and radial lens parameters) and 

extrinsic parameters (the external position and orientation of the camera in the 3D world); thus, 

the matrix can be described as in Equation (3.2): 

].[τ]γρRρ[ R   (3.2) 

In Equation (3.2),  represents the left 3×3 submatrix and R represents the right 3×1 

submatrix.   is a 3x3 matrix of intrinsic parameters, R  represents extrinsic parameters, where 

 is a 3×3 rotation matrix and R is a 3×1 translational matrix [4]. If  denotes the last column 

of , the translational matrix can be found as in Equation (3.3):  

4 R   

.4




 R  

(3.3) 

A target pixel position p(x, y, 1) can be obtained from any arbitrary point P(X, Y, Z) by 

translating and rotating the camera position with respect to the world coordinate origin as shown 

in Equation (3.4):  

  PRhp TT ]]01 0 0[  []]0 0 0[ [     
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    RZYX T   ]  [                             (3.4) 

where, T denotes the transpose of a matrix, and h  is an arbitrary scaling factor ( 0h ).  

A 2D point p(x, y, 1) in an image can be back-projected into a 3D point through Equation 

(3.5) as follows:  

hpRZYX T   ]  [   

phRZYX T 11]  [     

TT

zyx

T ZZZhRRRZYX ]  []  []  [ 321     (3.5) 

where .]  [ 11
321 pZZZ T     

Equating the right and left side of Equation (3.5) achieves the following:  

3hZRZ z    

.
)(

3Z

RZ
h z
  

                            (3.6) 

Using Equation (3.6), the input textures are back-warped to intermediate positions 
'

1  and 

'

3 . Then, a median filter is used to average neighboring pixels, so that the crack (i.e., one to two 

pixels wide holes) of synthesised views is minimised. The fusion of the left and right warping 

views can be achieved using Equation (3.7), in order to obtain the minimum number of undefined 

pixels (holes) in synthesised views: 
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where,    is the blended image and   is a weighted factor (to generate a middle view, the 

value of  is 0.5). The steps of the working procedure are as follows:  

Case 1: If there are no holes in the warped textures 
'

1  and 
'

3 , it is necessary to take the 

average of the corresponding pixels.  

Case 2: If there are no holes in the warped texture 
'

1 , but holes are presented in the warped 

texture, it is necessary to take the pixel intensity from the warped texture 
'

1 . 

Case 3: If there are holes present in the warped texture 
'

1 , but no holes in the warped 

texture 
'

3 , it is necessary to take the pixel intensity from the warped texture '
3 . 

Case 4: If there are holes present in both warped textures, it is necessary to consider the 

pixel intensity equal to zero.  

The detailed procedure for this DIBR technique is shown in Figure 1.1 (Chapter 1) in terms 

of a block diagram. This procedure reduces the number of holes but does not help to recover all 

missing pixel intensities. To recover the missing pixel intensities, it is necessary to model each 

pixel using the GMM technique, which is also known as ‘pixel modelling’. Details of the GMM 

technique are described in Section 3.3. 

  

3.2.2 DIBR on Rectified Video Sequences  

The sender usually transmits two textures and their corresponding depth maps by two 

cameras at the same instant. As with the DIBR-GT technique (Section 3.2.1), in this case, the true 

depth values for rectified video sequences (i.e., only a horizontal component [27]), Z, are generated 
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from Equation (3.1) using the encoded depth map ( ), the farthest depth in a scene, farZ , and the 

nearest depth in a scene, 
nearZ . 

Then, the disparity () between the reference view and the target viewpoint is determined 

from the camera parameters, which are focal length (f) and baseline (l), using Equation (3.8). Here 

baseline, l, indicates the horizontal distance between the reference view and the synthesised view 

position: 

.
Z

lf
  

 

(3.8) 

After that, the textures are aligned in the virtual position based on the calculated disparity 

values [7]. However, these aligned textures contain many holes due to integer rounding errors of 

the pixel coordinates and the occlusion problem. Warped images (
'

1  and 
'

3  ) are blended based 

on four conditions, in order to minimise the number of holes by using Equation (3.7). The left and 

right warping views can be fused to mitigate undefined pixels (holes) in the synthesised view. This 

procedure reduces the number of holes but does not help to recover all missing pixel intensities, 

as a small number of views are transmitted due to bandwidth constraints. To recover the missing 

pixels, it is necessary to model each pixel using ‘pixel modelling’ with available images in the 

virtual view. Next, the pixel modelling details are presented in Section 3.3.  

 

3.3 Pixel Modelling  

The GMM technique is usually used to separate background and foreground pixels from a 

dynamic environment, where each pixel is modelled independently using a mixture of K-th 
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Gaussian distributions (usual setting K = 3) [25][26]. Here, for the proposed GMM, the relevant 

symbols/parameters and corresponding assumptions are as follows:  

At time t, the value of k-th Gaussian intensity = tk , , with mean = tk , , standard deviation 

= k
 , variance =

2

,tk , and weight in the mixture= tk , , where k = 1 to K, and 1
1

, 


K

k

tk . The initial 

parametric assumptions at time t = 0 are similar to those in [26], so as to facilitate performance 

comparison, standard deviation ( k
 ) = 2.5, weight ( k ) =0.001 and learning rate ( ) = 0.1. The 

range of learning parameters 10   is used to balance the contribution between the present 

and previous values for all considered parameters. The learning rate with small values or very high 

values have an impact on the quality of the McFIS and synthesised view. For example, if it is too 

small/too large it could not produce proper background due to the high sensitivity/low sensitivity 

respectively with the content change. Thus, moderate value (e.g., 0.1) is chosen in the proposed 

application. Through the experiment, it has been observed that this value works effectively in the 

proposed applications. 

After setting the initial parameters, the current pixels are used to match with k-th Gaussian 

for every new observation. For an existing model, if the conditions in Equation (3.9) are satisfied, 

tktktX ,, 5.2    
(3.9) 

where tX  is the current and/or new pixel intensity at time t, the model can be updated through 

Equations (3.10) to (3.12): 

ttktk X  1,, )1(             (3.10) 

)()()1( ,,

2

1,

2

, tkt

T

tkttktk XX                (3.11) 
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  1,, )1( tktk  (3.12) 

whereas the weights of other Gaussian models are updated as in Equation (3.13) 

1,, )1(  tktk 
 

     (3.13) 

The total weight among all models (those which satisfy Equation (3.9)) is then normalised 

in such a way that .1
1

, 


K

k

tk  For a model which fails to satisfy Equation (3.9), a new model is 

reinitiated with tX  and initial parametric values. If the total number of models exceeds the 

maximum allowable number of models, the new model replaces an existing model based on the 

value of  /  (which has the lowest value). If a pixel intensity of a colour (c) satisfies a model (k) 

at the time (t), pixel intensity is stored as a most recent value ( c
tk ,

 ) of the corresponding model 

and colour. This value is used to recover missing pixels and fill holes thoroughly; the 

corresponding process is presented in the next section. 

Each pixel can be represented using a number of Gaussian models based on k values. If a 

pixel represents a static background over time, there may be the only model. On the other hand, if 

a pixel position possesses foreground/background information, it may be possible to it more than 

one model to the pixel. The model with the highest value of  /  represents the background and 

other models represent the foreground. The top Gaussian model (i.e., the highest value of  / ) 

for any instant is used to generate McFIS which represents the most stable static or uncovered 

background. As GMM can successfully capture foreground and background pixel intensities by 

exploiting temporal correlation, missing pixels of occluded areas can be successfully recovered 

using this technique. 
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3.4 Proposed Hole-Filling Techniques 

In the proposed hole-filling methods, the McFIS is used to recover the missing pixel 

intensities of the target viewpoint based on the GMM-classified foreground and background pixels. 

The McFIS is modeled using the GMM technique for the already available original frames of the 

target viewpoint. As the McFIS represents the background of the target viewpoint more accurately, 

the proposed hole-filling (or pixel intensity recovering) techniques provide improved subjective 

and objective quality compared to other existing techniques. This Section is organised in three 

subsections to depict three proposed hole-filling techniques, background improvement (BI), 

weighted hole-filling using single view (WHFSV) and weighted hole-filling using multiple views 

(WHFMV). Background improvement (BI) is the basic technique where other techniques use it as 

a basic platform. Therefore, this technique has been described in detail in a generic way in Section 

3.4.1. The other techniques (i.e., WHFSV and WHFMV) are described concisely in Section 3.4.2, 

and Section 3.4.3 by pointing out differences with BI compared to the rest of the techniques. The 

BI and WHFSV techniques are formed initially and not used to test for the MVC framework 

motion estimation. However, WHFMV is a comprehensive technique and motion estimation test 

is performed within the MVC framework on the output of this technique. Moreover, the WHFSV 

solves some limitations of the BI technique and the WHFMV solves some limitations of the 

WHFSV. Therefore, a basic BI technique is presented first, followed by WHFSV and WHFMV 

techniques according to their performance efficiency.  
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3.4.1 Background Improvement Technique  

In BI technique, GMM model is used to separate foreground and background pixels since 

it provides close correlational data. It is assumes that an occluded background in one frame may 

become visible in other frames when the foreground object(s) move away. This assumption is also 

true for both the WHFSV and WHFMV techniques. In the existing BU technique, temporal 

correlation of the reference viewpoint video is exploited in order to improve the background 

quality of the synthesised view [8]. However, this technique suffers from quality degradation due 

to dependency on inpainting, warping of the background image and clustering methods. In the 

proposed BI technique, the GMM model history has been explored to treat foreground and 

background pixels since it provides close correlational data.  

The working procedure of the BI technique is based on the principles of ‘warping’ and 

‘pixel modelling’ presented in Section 3.2 and Section 3.3 respectively. The procedure (as shown 

in Figure 3.2) and related equations for texture warping (Equations (3.1) to (3.7) and pixel 

modelling and GMM Equations (3.9) to (3.13) are used here accordingly. The working procedure 

of BI is divided into two parts: (1) identification of pixel intensity, followed by (2) hole-filling.  

 



Hole-Filling Using Temporal Information of Virtual Viewpoint for 

Quality Video Viewing 
 

60 

 

 

Figure 3.2: Schematic diagram of the proposed BI technique. 
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 1. Pixel intensity identification is conducted using the following steps:  

(i) Adjacent textures, along with their corresponding depth maps, intrinsic and extrinsic 

camera parameters are taken as input, as shown in Figure 3.2.  

(ii) The depth information is converted to Z values (Equation (3.1)).  

(iii) Textures are warped to an intermediate position based on intrinsic and extrinsic 

parameters.  

(iv) Then, the median filter is used to average neighbouring pixels, so that crack (i.e., one- 

or two-pixels wide holes) of synthesised views is minimised. 

 (v) Both warped views are merged based on different conditions and then a blended view 

is generated (Equation (3.7)).  

 (vi) A McFIS is generated based on the GMM models from available original frames of 

the target viewpoint (Section 3.3, Equations (3.9) to (3.13)).  

(vii) If the pixel represents the background, the pixel intensity of the missing pixel is 

recovered from McFIS. Otherwise, the pixel intensity is selected from the blended images (Φ).  

 

The corresponding hole-filling technique is presented next.  

2. The hole-filling working procedure is as follows:  

(i) In the GMM technique (Section 3.3), the Gaussian models of a pixel are always ordered 

based on  / in descending order. The relative values  /  of pixel models are used to 

determine the background/foreground pixel intensity. This means that pixel intensity is directly 

proportional to  /  .  

(ii) When the n-th frame of a target viewpoint is interpolated, 1 to (n-1)-th original frames 

of the virtual view is assumed to be available for the GMM.  
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(iii) The top Gaussian model (with the highest value of  / ) is used to generate McFIS, 

which represents the most stable static or uncovered background. Hence, to select McFIS pixel 

intensities, the pixel intensity with the highest value of  /  is considered.  

(iv) For this proposed BI hole-filling technique, GMM is used for three different colours 

individually in order to generate McFIS.  

(v) The pixel intensity of the synthesised view is modified based on the modelling of pixels. 

The foreground pixels are selected from the warped image and the background pixels are selected 

from the McFIS based on foreground and background classification using GMM.  

(vi) If a pixel position has only one model for a given colour (c), the most recent value (

c

tkB ,
) is assigned to that model for the synthesised view (from McFIS); otherwise, the colour is 

assigned from the blended image.  

(vii) A similar procedure (Steps (i) to (v)) is also applicable for other colours. 

The performance of this proposed BI technique in terms of peak-signal-to-noise-ratio 

(PSNR) is presented in Section 3.5 (Sub Section 3.5.3). 

 

3.4.2 Weighted Hole-Filling Using Single View Technique 

In the DIBR technique, certain portions of the target viewpoint are not visible, due to 

blockage by foreground objects, and this may create holes in the synthesised video. In this section, 

a new hole-filling technique, named weighted hole-filling using single view (WHFSV) is presented 

using a number of GMM models rather than the background image used in BU. The missing 

background pixels are recovered from the McFIS, whereas the missing foreground pixels are 

recovered from the weighted average of warped and learned foreground models (this is how the 
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WHFSV technique differs from the previous BI technique presented in Section 3.4.1). The GMM 

model history contains all the foreground and background pixel information. Hence, GMM models 

related to the foreground pixels are also an excellent source of pixel information to refine missing 

foreground pixels (if any) in the synthesised view. Thus, the proposed WHFSV technique can 

provide better pixel correspondences. The working procedure of WHFSV is divided into two parts 

(similar to the BI): (1) pixel intensity identification along with identification of cracks and ghosts 

(i.e., holes created due to the imprecision of the depth map), then (2) hole-filling. 

  

1. The procedure of pixel intensity identification is as follows:  

(i) In the context of the WHFSV technique, the steps for pixel intensity identification are 

similar to those for the BI technique (Section 3.4.1). Here, one reference view is considered (in 

contrast to the two reference views which are in the BI technique). The reference view’s (Γ) 

corresponding depth (Ω) and camera parameters (i.e., focal length (f) and baseline (l)) are taken as 

input (Section 3.2).  

(ii) Then, a warped image (Γ/) is generated based on (i), which contains many cracks, 

ghosts, and holes.  

(iii) Missing pixels caused by areas containing cracks and ghosts are correctly filled using 

conventional crack and ghost removal techniques as described in [18].  

 

The proposed corresponding hole-filling steps are described in the next paragraph. 

2. Hole-filling steps for the WHFSV technique are as follows: 

(i) In order to fill missing pixels at occluded areas, each pixel is modelled using GMM with 

available previous original frames of the target viewpoint. It should be mentioned here that the 
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assumptions and first three hole-filling steps from the BI technique are also used in the WHFSV 

technique.   

(ii) In the WHFSV technique, missing pixel intensities are filled either completely from 

the pixel intensities of the most recent value ( c

tB ,1
) or the weighted intensities between the warped 

image and the foreground model(s). For a given Gaussian model (k), colour (c) and time (t); the 

details of the WHFSV missing pixel recovering technique using GMM are as follows:  

 (a) If a pixel position has only one Gaussian model (k = 1), the pixel intensity of the 

synthesised view (which is denoted as c
t ) can be obtained from a most recent value, i.e., c

tB ,1
of 

the model as shown in Equation (3.14):  

c

t

c

t B ,1  (3.14) 

(b) Otherwise, the pixel intensity of the synthesised image is taken as a weighted average 

from the warped image 
c

t
/ and the most recent value of the model which provides the lowest value 

in terms of ./  For example, if a pixel position has two or three models for a given colour, it 

possesses foreground/background pixel information. Therefore, a weighting factor ( ) is chosen 

to select the fraction of the warped image and the most recent value of the second/third models, as 

shown in Equation (3.15). 

.)1( ,

/ c

tk

c

t
c

t B   
(3.15) 

where the value of k is either 2 or 3. 

The performance of the proposed technique (WHFSV) in terms of PSNR is presented in 

Section 3.5 (Sub Section 3.5.4). 

 



Hole-Filling Using Temporal Information of Virtual Viewpoint for 

Quality Video Viewing 
 

65 

 

3.4.3 Weighted Hole-Filling Using Multiple Views Technique 

The BI and WHFSV techniques can improve the quality of the synthesised view images in 

some occluded areas. However, the contribution of the McFIS diminishes as the number of 

learning frames increases, due to different contents and fast motion of the foreground object. For 

a large number of frames used in the GMM, the contribution of the McFIS in the synthesised view 

diminishes in relation to variations in the intensity of the background pixels over time. This process 

degrades the quality of the synthesised view. To improve the performances of the BI and WHFSV 

techniques, WHFMV is proposed. In this technique, the missing background pixels are recovered 

from the McFIS. The missing foreground pixels are recovered from the weighted average of 

warped and learned foreground models, similar to the WHFSV technique. However, adjacent 

textures are warped and merged in order to reduce the holes in the synthesised view. WHFMV is 

the enhanced version of both BI (Section 3.4.1) and WHFSV (Section 3.4.2), proposed to improve 

the quality of the target viewpoint for FVV by using standard MVV sequences.  

The assumptions and working procedure for WHFMV are very similar to WHFSV 

(presented in Section 3.4.2), except in terms of the number of reference views. In WHFMV, 

adjacent textures, their corresponding depths maps, and camera parameters are taken as input 

(instead of only one, as in WHFSV), which is similar to the process used with BI techniques. Using 

Equations (3.14) and (3.15), for a given Gaussian model (k), colour (c) and time (t); the process 

for recovering missing pixel details in WHFMV is as follows: 

(i) If a pixel position possesses only one model for a given colour, the synthesised image 

is as in Equation (3.14), i.e., c

t

c

t B .,1  
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(ii) If a pixel position possesses two models for a given colour, the pixel intensity of the 

2nd model of synthesised images using Equation (3.16) is, 

c

t

c

t

c

t B ,2)1(    (3.16) 

(iii) If a pixel position possesses three models for a given colour, the pixel intensity of the 

3rd model of synthesised images using Equation (3.17) is,  

c

t

c

t

c

t B ,3)1(    (3.17) 

To assess the effectiveness of the proposed WHFMV, a motion estimation technique is 

applied with adjacent reference frames and a previous frame of the current view within the 

multiview video coding (MVC) framework. Here, adjacent views of MVV sequences are captured 

using multiple cameras with slightly different angles. There are disparities among the resulting 

different views. Co-located pixels/blocks at different instances of the same view are predicted 

using the motion estimation technique. Finding co-located pixels/blocks on a different frame using 

ME and disparity estimation is time-consuming [89][90]. Therefore, the reduction of 

computational time for searching motion parameters such as motion vector (i.e., to reduce the  
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number of reference views) is an important aspect of current research. Traditionally, three 

references, such as already-encoded frames of adjacent views (reference frames 1 and 2) and a 

previous frame of the current view (reference frame 3) are used to encode each frame of dependent 

views, as shown in Figure 3.3 [29][83]. In this technique, a disparity   is used to find a current 

block (CB) (𝑋𝑐, 𝑌𝑐) on adjacent reference views ((𝑋𝑟1,𝑌𝑟1) and (𝑋𝑟2, 𝑌𝑟2)) where 𝑋𝑟1 = 𝑋𝑐 ∓ 𝛿 and 

𝑋𝑟2 = 𝑋𝑐 ± 𝛿. This method only takes into account the horizontal component as rectified MVV 

sequences [27]. Furthermore, motion vectors are predicted to find a CB on the previous frame of 

the current view, i.e., (𝑋𝑟3, 𝑌𝑟3) [13][27]. Instead of typical approaches, a view synthesis technique 

is used to generate a synthesised current frame, i.e., reference frame 2. This synthesised frame is 

very similar in terms of object position and its motion to the expected current frame. Then, two 

 

Figure 3.3: MVC coding technique by using two references such as the previous frame of the 

current view and a synthesised frame. 
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reference frames, such as Reference 1 and Reference 2, are used to encode the current frame, as 

shown in Figure 3.3. 

The performance of the WHFMV  and MVC techniques are described in Section 3.5 (Sub 

Section 3.5.5). 

 

3.5 Results and Discussion  

To evaluate the performance of the proposed hole-filling techniques (BI, WHFSV and 

WHFMV), the considered design/input parameters are reference view textures, their 

corresponding depth maps and camera parameters of video sequences. The main performance 

parameter is peak-signal-to-noise-ratio (PSNR). PNSR can be determined using Equation (3.18).  

)/255(log10 10 MSEPSNR   (3.18) 

Mean squared error (MSE) indicates the quality of reconstructed images. PNSR is used to 

measure the intensity differences of synthesised and original image pixels to verify the quality of 

the synthesised view. It should be mentioned here that the higher the value of PSNR, the higher 

the quality of the view synthesis. Based on average PSNR performance, the outcome of the 

proposed methods is compared with related state-of-the-art methods. Moreover, the subjective 

quality (i.e., visual outlook) of the proposed techniques is also evaluated. The performance analysis 

of proposed BI, WHFSV, and WHFMV techniques, along with MVV sequences and comparison 

with recently related methods, are presented in Sections 3.5.1 to 3.5.5.  
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3.5.1 Multiview Video Sequences 

The well-known MVV sequences Ballet [91], Breakdancer [91], Newspaper (NP) [92], 

Lovebird1 (LB1) [93], Poznan Hall 2 (PH) [94], Book Arrival [95], Poznan Street (PS) [94],  

Balloons [95], Kendo [95] and Undo Dancer [96] are considered as input to generate MSE, 

followed by PSNR for performance evaluation and comparison of the proposed hole-filling 

techniques. The input reference viewpoints and target viewpoints with camera characteristics 

(alignment and movement) of the video sequences are shown in  

Table 3.1. Static cameras are generally used in the FVV and MVV scenarios [27][25]. Due 

to their simplicity, static and linear camera alignment MVV sequences (rectified) are considered 

 

Table 3.1: Test video sequences with target viewpoint and camera characteristics 

Sequences Input 

Reference 

Viewpoints 

Target 

Viewpoint 

 Camera characteristics 

 

Alignment Movement 

Ballet [91] 0,2 1 Semi-circular 

cameras alignment 

(unrectified) 

 

 

 

Static 

Breakdancer [91] 0,2 1 

Newspaper [92] 6,2 4  

 

Linear camera 

arrangement 

(rectified) 

Lovebird1 [93] 8,4 6 

Poznan Street [94] 5,3 4 

Book Arrival [95] 10,6 8 

Poznan Hall2 [94] 5,7 6  

Moving  Balloons [95] 1,5 3 

Kendo [95] 1,5 3 

Undo Dancer [96] 1,9 5 
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in this thesis. Therefore, mainly four video sequences, Newspaper, Lovebird1, Poznan Street and 

Book Arrival are considered for performance comparison which is captured by static and linear 

cameras arrangement.  

 

3.5.2 Existing Hole-Filling Techniques for Performance Comparison 

In this thesis, all the proposed hole-filling techniques for view synthesis were developed 

by exploiting temporal correlations. Standard view synthesis reference software (VSRS) is used to 

evaluate the performances of the proposed techniques. The VSRS is reference software design to 

test 3D video and FTV projects, developed by the ISO/IEC/MPEG 3D video coding teams [97]. 

The performances of the proposed techniques (throughout the thesis) are also compared with some 

of the following recent relevant techniques:  

1. Spatial correlation 

(i) Selective hole filling [18] 

(ii)  Inverse mapping (IM) [7]  

(iii)  Inpainting [19]  

2. Temporal correlation 

(iv) Background update (BU) [8] 

Inpainting and IM are the two most popular hole-filling techniques that exploit spatial 

correlations. The selective hole-filling technique is the enhanced version of the inpainting 

technique [19]. Both are widely used for hole-filling in the view synthesis, with acceptable 

performances, and are related to the techniques proposed in this thesis. However, these techniques 
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can reduce the quality of the view synthesis, as they are unable to differentiate between foreground 

and background pixels adequately at the edge of the foreground and background. This is due to 

the low spatial correlation at the perimeter between the foreground and background pixels. BU is 

another well-known hole-filling technique which exploits temporal correlations and is closely 

related to the proposed techniques. However, the BU technique suffers from quality degradation, 

due to its dependency on inpainting, warping of a background image and clustering methods. The 

inaccuracy of any of these steps reduces the quality of the view synthesis. Moreover, an imperfect 

depth map may cause some artefacts from the foreground to the background. If the static 

background frame is generated using the background model, which is sorted by ratio of weight 

and standard deviation, it does not represent the recent changes of the pixel [8]. This causes a low-

quality background frame in the view synthesis for the BU technique. To address the 

aforementioned issues, novel hole-filling techniques have been proposed in this thesis and the 

performance of the proposed techniques are mainly compared with previously mentioned 

techniques. 

 

3.5.3 Results of Background Improvement Technique 

The performance of the proposed BI technique was evaluated using four MVV video 

sequences: Ballet, Breakdancer, Newspaper and Lovebird1, along with their associated parameters 

as input and PSNR as output. Two of the video sequences (Ballet and Breakdancer) were captured 

using an inwards semi-circular camera arrangement, and the rest were rectified as shown in  

Table 3.1. The Ballet and Breakdancer datasets contain eight views from different angles, 

and each view contains 100 frames. From those views, View 0 and View 2 were considered to be  
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(a) 

 

(b) 

Figure 3.4: Performance comparison of the proposed BI and selective hole-filling technique for 

two video sequences: (a) Ballet and (b) Breakdancer. 
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the reference views (i.e., the left and right views) and used to generate the synthesised view. To 

verify the quality of the synthesised view, its PSNR was measured against the original View 1. 

The performance of the BI technique was assessed by comparing it with the outcome of a state-of-

the-art selective hole-filling technique [18], as shown in Figure 3.4. The figure shows that the 

average PSNR for the BI technique was higher (26.78 dB and 24.67 dB for the Ballet and 

Breakdancer video sequences respectively) than for the selective hole-filling method (19.96 dB 

and 21.44 dB respectively for same video sequences). Thus, BI techniques improved PSNR by 

more than 5.0 dB PSNR compared to the selective hole-filling technique. The reason for this 

improvement was that the BI technique identifies the background pixels accurately and makes use 

of model history in order to refine the synthesised view. It should be mentioned here that McFIS 

was modeled using up to 10, 20, 30, and 40 frames while the 11th, 21st, 31st, and 41st frames were 

generated in the figure. The output in the figure does not include any post-processing for 

refinement. 

To further verify the strength of the BI technique, it was tested on the Newspaper and 

Lovebird1 MVV sequences, which were captured using a linear (rectified) camera arrangement on 

a straight line parallel to the scene. Then, the BI technique was compared with the IM technique 

[7] for benchmarking. For Newspaper, View 2 and View 6 (i.e., left and right views) are considered 

as reference views, along with View 4, which is the synthesised view. For Lovebird1, View 4 and 

View 8 (left and right views respectively) are considered as reference views, along with View 6, 

which is the synthesised view as shown in Table 3.1. Figure 3.5 illustrates that the proposed BI 

technique provides higher PSNR compared to the IM technique. Average PNSR values for BI were 

approximately 38.97 dB and 35.12 dB using the Newspaper and Lovebird1 video sequences, 

whereas those values for the IM [7] technique were 27.92 dB and 26.51 dB respectively. The 
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average PNSR enhancement by the proposed BI technique was more than 9.5 dB compared to the 

IM technique, due to the utilization of the McFIS in BI. Hence, the superiority of the BI technique 

’s performance was apparent. 

 The subjective quality (i.e., visual outlook) of the BI method for the Newspaper video 

sequence is presented in Figure 3.6, where Figure 3.6 (a), Figure 3.6 (b) and  Figure 3.6 (c) shows 

the original image, synthesised images generated using IM [7] and BI techniques respectively. To 

observe the quality difference clearly, some of the regions are enlarged. For example, the boundary 

areas on the framed picture of the male head and in the mid-tree areas show the distinctive quality 

difference between the proposed BI and IM, i.e., the synthesised frame of the BI technique was 

more accurate compared to the IM technique. 

 

 

Figure 3.5: Average PSNR (dB) comparison of the proposed BI and the IM for Newspaper 

and Lovebird1 video sequences for four frames. 
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Figure 3.7 depicts the performances (in terms of frame differences) of the BI technique, 

selective hole-filling [18] and IM [7] techniques compared to the original image. Here, Figure 3.7 

(a) to Figure 3.7 (d) are the original frames of the Newspaper, Lovebird1, Ballet and Breakdancer 

video sequences respectively, whereas Figure 3.7 (e) to Figure 3.7 (f) depict the frame differences 

between the original and the synthesised image generated by IM [7]. Figure 3.7 (g) to Figure 3.7 

(h) selective hole-filling [18], and Figure 3.7 (i) to Figure 3.7 (l) show the differences between the 

original image and the synthesised image generated by BI. It can be observed that the proposed BI 

technique can generate a good quality synthesised view compared to the other state-of-the-art 

methods because of the BI technique’s ability to recover pixel intensities using McFIS. 

To understand what exactly about the recovered areas in the target viewpoint image, the 

blended image and the McFIS, pixel categorization is considered based on the source of refinement 

(i.e., either from the blended image or McFIS). In this regard, Figure 3.8 shows the pixels that are 

selected from the McFIS (black portion) and blended image (non-black portion) in order to 

generate a synthesised view for the Newspaper and Lovebird1 video sequences. It demonstrates  

   

(a) (b) (c) 

Figure 3.6: Comparison of (a) original image, (b) synthesised images by IM and (c) synthesised 

images by the proposed BI for Newspaper MVV sequences. 
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that the moving areas (i.e., the foreground) is usually taken from the blended image and the static 

background/occluded areas are taken from the McFIS. 

  

(a) (b) 

Figure 3.8: Pixels are selected from McFIS (the black portion) and blended images (the non-

black portion): (a) Newspaper sequences and (b) Lovebird1 video sequences. 

    

    

(a) (b) (c) (d) 

    

(e) (f) (g) (h) 

    

(i) (j) (k) (l) 

Figure 3.7: Comparison of frame differences between the original images (a) to (d) (11th frame) 

and the corresponding generated synthesised images by the IM (e) and (f); selective hole-filling 

(g) and (h), proposed BI method (i) to (l) using four standard MVV sequences. 
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The next section presents performance analysis and a comparison of results for the 

proposed WHFSV technique, which takes one viewpoint video as a reference with its depth map 

and associated parameters (instead of two reference viewpoint videos like BI) as input. 

 

3.5.4 Results of Weighted Hole-Filling Using Single View Technique 

The performance of the proposed WHFSV technique was evaluated using four MVV 

sequences, Newspaper, Lovebird, Poznan Hall, and Poznan Street along with their associated 

parameters as input and PSNR as output. It should be mentioned here that in the WHFSV 

technique, the synthesised image is created after warping, followed by a technique for removing  

 

Figure 3.9: Average PSNR (dB) comparison between the proposed WHFSV, selective hole-

filling, and BU for four standard video sequences. 

 



Hole-Filling Using Temporal Information of Virtual Viewpoint for 

Quality Video Viewing 
 

78 

 

    

(a) (b) (c) (d) 

    
(e) (f) (g) (h) 

    

(i) (j) (k) (l) 

    

(m) (n) (o) (p) 

Figure 3.10: (a) to (d) The original images (11th frame) for Newspaper, Lovebird1 Poznan Hall2 

and Poznan Street respectively; (e) to (h) frame difference between corresponding synthesised 

frame generated by selective hole-filling technique and the original image; (i) to (l) frame 

difference between corresponding synthesised frame generated by BU technique and the original 

image; and (m) to (p) frame differences between corresponding synthesised frame generated by 

the proposed WHFMV technique and the original image. 
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cracks and ghosts which was proposed in [18], and identification of background and foreground 

image intensity using GMM. Results from the WHFSV technique have been compared with results 

from two related state-of-the-art methods, namely, selective hole-filling [18] and BU [8] 

techniques. Figure 3.9 shows the average PSNR comparison of WHFSV with selective hole-filling 

and BU techniques, where WHFSV outperforms the existing selective hole-filling and BU 

techniques for all video sequences.  

The improvement range varies from 2.96 dB to 5.50 dB for selective hole-filling and 0.9 

dB to 1.70 dB for BU techniques respectively. Figure 3.10 illustrates synthesised  images frame 

differences of WHFSV, selective hole-filling [18] and BU [8] techniques compared to original 

images. It shows that the WHFSV technique is able to generate an image which is closer to the 

original in comparison to other techniques. Figure 3.9 and Figure 3.10 both show that the proposed 

WHFSV technique can synthesise better views, as the missing background pixels are recovered 

 

Figure 3.11: Comparison of PSNR (dB) for four video sequences vs weight ( ) for 11th frames. 
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from the McFIS and the missing foreground pixels are recovered from the weighted average of 

warped and learned foreground models. 

To understand the relative contribution of GMM models and the warped image in 

reconstructing the synthesised image, PSNR values are plotted against weight factor ( ) in Figure 

3.11. The figure shows that the contribution of the blended image and GMM-based pixel intensity 

in the foreground areas vary with  . This is due to the content and motion of the foreground 

objects. It can also be observed that both the warped image and GMM contribute towards the 

generation of an interpolated image for each video. The maximum PSNR value of a given image 

with ξ=0 means that the pixel intensities of the interpolated images are taken entirely from the 

GMM models. For the Newspaper video sequence, it has maximum foreground areas, as well as, 

occlusion areas which are not visible in the warped images. Thus, overall PSNR reduces with the 

increasing contribution of the warped images. 

Figure 3.12 illustrates the subjective quality of different techniques for a portion of images 

taken from the Lovebird1 and Poznan Hall video sequences. Figure 3.12 (a) and Figure 3.12 (b) 

show the original images (i.e., 11th original frame of the synthesised view). Subsequently, the 

synthesised views generated using selective hole-filling are presented in Figure 3.12 (c) and Figure 

3.12 (d); the synthesised views generated using the BU technique are presented in Figure 3.12 (e) 

and Figure 3.12 (f). In addition, the synthesised views generated using the WHFSV technique are 

presented in Figure 3.12 (g) and Figure 3.12 (h). It can be observed that WHFSV is able to generate 

a good quality synthesised view compared to other methods. This is because the WHFSV 

technique is able to recover pixel intensities by treating foreground and background pixels 

separately based on the GMM technique. In this process, the missing background pixels are 

recovered from the McFIS (which is similar to the process involved in the BI technique) and the 
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missing foreground pixels are recovered from the weighted average of warped and learned 

foreground models. 

The value of  against a different number of frames which provide the maximum PSNR 

for videos is also analysed and shown in Figure 3.13. The figure shows that the values of   

increase with the number of frames used in the GMM. The variation pattern of  may differ for 

different videos (and techniques) due to their differing contents and relative proportions of 

foreground and the background area. For a large number of frames used in the GMM, the 

contribution of the McFIS in the synthesised view diminishes slightly, due to the pixel intensity 

variations of the background pixels over time. 

    

    

(a) (b) (c) (d) 

    

(e) (f) (g) (h) 

Figure 3.12: Cropped images from original (a) Lovebird1 and (b) Poznan Hall video sequences; 

(c) and (d) synthesised images generated by selective hole-filling technique; (e) and (f) 

synthesised images generated by BU technique; (g) and (h) synthesised images generated by the 

proposed WHFSV technique. 
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To understand the recovery areas in the synthesised views, pixel categorisation is carried 

out based on the source of refinement (i.e., either from the warped image or McFIS). Figure 3.14 

shows the pixels that are selected from the McFIS (black portion) and warped image (non-black 

portion) in order to generate a synthesised view for the Newspaper and Lovebird1 video sequences. 

The figure shows that the moving areas, (i.e., foreground areas) are normally taken from the 

warped image, and the static background/occluded areas are taken from the McFIS. The results 

confirm the hypothesis on the effectiveness of the foreground/background pixel identification 

using the number of GMM models.  

The view synthesis performance analysis and comparison for MVC using the proposed 

WHFMV technique are presented in the next section. 

 

Figure 3.13: Comparison of weight ( ) with synthesised frames, which provides 

maximum PSNR. 
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(a) (b) 

Figure 3.14: Pixels selected from McFIS (the black portion) and warped image (the non-black 

portion): (a) Newspaper and (b) Lovebird1 video sequences. 

 

3.5.5 Results of Weighted Hole-Filling Using Multiple Views Technique 

In this section, the performance of the proposed WHFMV technique is analysed and 

compared with standard techniques such as VSRS [97], selective hole-filling [18] and BU [8] 

techniques using PSNR as a performance metric. First, the blended image is created (after 

warping), then inpainting is applied to the image. Next, BU and the WHFMV are applied to the 

blended image in order to refine the interpolated view. Figure 3.15 shows the PSNR comparison 

for WHFMV with VSRS, selective hole-filling, and BU techniques. It shows that the proposed 

WHFMV technique outperforms the existing hole-filling techniques for all video sequences. The 

improvement range varies from 0.1dB to 9.20dB for VSRS, 0.50dB to 7.66dB for selective hole-

filling and 0.50dB to 2.14dB for BU techniques respectively. Figure 3.16 presents a comparison 

between the original and synthesised frames (i.e., frame difference) using the proposed WHFMV, 

selective hole-filling and BU techniques. It can be observed that the proposed technique is able to  
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generate images which are closer to the original image than those generated by other methods. The 

reason behind this improvement is that the missing background pixels are recovered from the 

McFIS and the missing foreground pixels are recovered from the weighted average of warped and 

learned foreground models, which is similar to the process involved in the WHFSV technique. 

However, in contrast to the WHFSV technique, the WHFMV technique takes adjacent reference 

viewpoint videos and associated depth maps as input for the warping process, which also helps to 

improve the quality of the synthesised view, as adjacent reference viewpoints cover wider view 

angles in comparison to the single reference viewpoint.  

 

 

 

Figure 3.15: Average PSNR (dB) comparison between the proposed WHFMV, standard VSRS, 

selective-hole-filling and BU techniques for three standard video sequences (30 frames). 
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(a) (b) (c) 

   

(d) (e) (f) 

   

(g) (h) (i) 

   

(j) (k) (l) 

   

(m) (n) (o) 

Figure 3.16: (a) to (c) The original images (11th frame) for Newspaper, Lovebird1 and Poznan 

Street respectively; (d) to (f) frame difference between corresponding synthesised frame 

generated by VSRS and the original image; (g) to (i) frame difference between corresponding 

synthesised frame generated by selective hole-filling technique and the original image; and (j) 

to (l) frame differences between corresponding synthesised frame generated by BU technique 

and the original image; and the frame difference between corresponding synthesised frame 

generated by the proposed WHFMV technique and the original image. 
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To understand the relative contribution of the GMM models and the blended image in the 

synthesised image, PSNR values are plotted against the weight factor  , as shown in Figure 3.17. 

It can be seen that the contribution of the blended image and the GMM-based pixel intensity in the 

foreground areas varies for different sequences. It can also be observed that both the blended image 

and GMM models contribute to the generation of a synthesised image for each video. It should be 

mentioned here that the maximum PSNR value of a given image where   = 1.0 means the 

foreground pixel intensities of the synthesised image are entirely taken from the blended image. 

However, the background pixel of the synthesised image is always taken from the recent pixel 

value (i.e., McFIS). The Newspaper video sequence has maximum foreground areas as well as 

occlusion areas which are not visible in the blended images. Thus, the increased contribution of  

 

 

Figure 3.17: Comparison of PSNR (dB) vs weight ( ) for 11th frames. 
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(a) (b) (c) 

   

(d) (e) (f) 

   
(g) (h) (i) 

   
(j) (k) (l) 

   
(m) (n) (o) 

Figure 3.18: (a) Original frame, (b) and (c) cropped and zoomed image of the original frame; (d) 

output of VSRS, corresponding (e) and (f) cropped and zoomed images; (g) output of inpainting 

technique, corresponding (h) and (i) cropped and zoomed images; (j) output of BU technique, 

corresponding (k) and (l) cropped and zoomed images; (m) output of the proposed WHFMV 

technique, corresponding (n) and (o) cropped and zoomed images. 
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blended images lead to reduced overall PSNR. The content of the Lovebird1 video sequence, i.e., 

foreground and background areas, is almost balanced. Therefore the contribution of the warped 

images and GMM model vary slightly according to changes in  . Poznan Street video sequence 

has fewer occlusion areas; therefore, the PSNR value is growing with increases the contributions 

of the blended images in the synthesised image according to increase the value in  . 

Figure 3.18 presents the subjective quality for the Newspaper video sequence, where the 

synthesised view generated using the VSRS, inpainting, BU and proposed WHFMV techniques 

are compared with the original images. Here, Figure 3.18(a) shows the original images, i.e., 11th 

original frame of the synthesised view; the rectangular green boxes in the figures are used to mark 

the cropped and zoomed portions which are shown in Figure 3.18(b) and Figure 3.18 (c). The 

remaining components of Figure 3.18 are synthesised views created using the VSRS, inpainting, 

BU and WHFMV techniques. The figure shows that WHFMV is able to generate a better-

synthesised view compared to other methods. 

  

(a) (b) 

Figure 3.19: Pixels are selected from the background image (the black portion) and blended 

image (the non-black portion) via the proposed WHFMV method: (a) Newspaper and (b) 

Lovebird1 video sequences.  
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To understand the recovery areas in the synthesised views, pixel categorisation is carried 

out based on the source of refinement (i.e., either from the blended image or McFIS). Figure 3.19 

shows the pixels that are selected from the background image (black portion) and blended image 

(non-black portion) in order to generate a synthesised view for the Newspaper and Lovebird1 video 

sequences. The process involved in the BI and WHFSV techniques are similar. WHFMV also 

shows that the moving areas, i.e., the foreground, are taken from blended images, whereas the 

static background/occluded areas are taken from the McFIS. The results confirm that the 

hypothesis on the effectiveness of foreground/background pixel identification using the number of 

GMM models is supported.  

To asses, the effectiveness of the proposed WHFMV, motion estimation is applied with 

adjacent reference frames and a previous frame of the current view within the MVC framework. 

A wide range of video contents for different views is considered to observe the performance of the 

proposed MVC using WHFMV. To encode different resolutions, each frame is divided into 32×32 

pixel block sizes and 64-pixel search lengths are used. The proposed technique  

 

Table 3.2: PSNR comparison between the proposed and conventinal MVC scheme. 

 
Conventional three 

references, PSNR 

(dB) 

Two references, 

PSNR (dB) 

Improvement, 

PSNR (dB) 

Average 

Improvement (dB) 

Newspaper 38.24 39.10 0.86  

0.70 Lovebird1 37.41 37.58 0.17 

Poznan Street 35.74 36.73 0.99 
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demonstrates a better PSNR compared to the conventional three references approach as shown in  

Table 3.2 due to the better prediction of a synthesised view. Table 3.2 shows that the average 

PSNR improvement for two references is approximately 0.70 dB.  

Table 3.3 presents the performance summary of the proposed techniques for different 

conditions (video sequences, number of views and number of frames). It shows that the average 

PSNR usually drops as the number of frames increases. Due to different contents and fast motion 

of the foreground objects, the contribution of the McFIS declines as the number of learning frames 

increases. Therefore, the contribution of McFIS in the synthesised view diminishes slightly and it 

degrades the quality of the synthesised views. To address this problem, an adaptive weighting 

factor and reset approach are presented in Chapter 4. 

Table 3.3: Performance summary of the proposed hole-filling techniques. 

Proposed techniques Video sequences Number of 

reference views 

Number of 

frames 

Average 

PSNR (dB) 

Background 

Improvement 

Newspaper and Lovebird1 2 4 37.05 

Weighted hole-filling 

using single view 

Newspaper, Lovebird1, 

Poznan Hall and Poznan 

Street 

1 20 29.77 

Weighted hole-filling 

using multiple views 

Newspaper, Lovebird1 and 

Poznan Street 

2 30 35.02 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

   
(g) (h) 

Figure 3.20: (a) Original frame and (b) cropped and zoomed image of the original frame; (c) 

output of BI technique and (d) cropped and zoomed image; (e) output of WHFSV technique and 

(f) cropped and zoomed image; (g) output of WHFMV technique and (h) cropped and zoomed 

image. 
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Figure 3.20 illustrates the subjective quality (i.e., visual outlook) for the Lovebird1 video 

sequence. Here, Figure 3.20 (a) shows the original image (10th original frame) of the virtual view, 

whereas (b) shows green rectangular boxes that are used to mark the cropped and zoomed portion. 

Figure 3.20 (c), (e) and (g) shows the synthesised images generated using the BI, WHFSV and 

WHFMV techniques respectively. Figure 3.20 (d), (f) and (h) show the corresponding cropped and 

zoomed images. Figure 3.20 demonstrates that the proposed WHFMV technique is able to generate 

a good quality view synthesis compared to the other two proposed methods (i.e., BI and WHFSV). 

 

3.6 Summary 

Three new hole-filling techniques (BI, WHFSV, and WHFMV) using temporal correlation 

are proposed in order to produce a higher-quality view synthesis. In the proposed BI technique, 

adjacent views are warped into the target viewpoints based on depth maps and associated camera 

parameters. Warped views contain many holes due to the occlusion problem, depth error and 

rounding integer error of the pixel coordinates. To reduce the number of holes, warped views are 

blended. However, this approach is insufficient to recover all missing pixel intensities, as only a 

small number of views are transmitted due to bandwidth constraints. To recover the missing pixels 

using the proposed BI technique, each pixel is modelled using the GMM technique with available 

images from the target viewpoint. The GMM technique can identify the background and the 

foreground pixels accurately. Moreover, the GMM model history provides more correlational data 

to fill the missing pixels compared to the static background frame. Therefore, in the proposed BI 

technique, GMM models related to the McFIS are utilised to recover missing pixels in the 

background of the synthesised views. Hence, the quality of the synthesised views has been 
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enhanced, and the experimental results demonstrated the effectiveness of the proposed technique. 

This better-quality view holds the potential to enhance applications of view synthesis techniques 

in training for dynamic activities, sports, computer games, 3D-TV, and so on.  

In the proposed WHFSV technique, one viewpoint video and corresponding depth map 

with associated camera parameters are taken as input due to bandwidth constraints (in contrast to 

the BI technique, where two views are used as input), to be warped into the target viewpoint. GMM 

is applied to the extrapolated view (target viewpoint) of the original images by assuming that 

previously-synthesised images are already available, as in the BI technique. The GMM model 

history contains all the foreground and background pixel information details. Hence, GMM models 

that are related to both the foreground and background pixels are a good source to recover missing 

foreground and background pixels in the synthesised view. Therefore, in the proposed WHFSV 

technique, the background pixels are recovered from the McFIS and the foreground pixels are 

recovered from the weighted average pixel intensities of the warped image and the pixel intensities 

of the foreground models from GMM. WHFSV is able to improve the quality of synthesised views 

significantly in comparison to the existing view synthesis techniques. 

The proposed WHFMV is based on WHFSV. However, in WHFMV technique, adjacent 

views and corresponding depth maps are considered as input to generate blended images. Then, 

foreground and background pixels are treated in a similar fashion to the way they would be treated 

using the WHFSV technique and subjective and objective (i.e., PSNR) performances are 

evaluated. Moreover, WHFMV performance is evaluated using the synthesised frame as a 

reference with an immediately previous frame of the current view for MVC. This MVC framework 

improves by an average of approximately 0.70dB PSNR in comparison to the conventional three 

reference techniques, as the synthesised frame is very similar in terms of object position and its 
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motion to the expected current frame.For the proposed WHFSV and WHFMV techniques, the 

weight ( )  is used to balance the contribution of the intensities between blended (or warped) and 

GMM model(s). This is crucial, as the PSNR of the view synthesis may vary significantly due to 

different contents and motion of the foreground objects with setting weights. An adaptive 

weighting factor mechanism is presented in Chapter 4 to address these issues. 
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Chapter 4  

Virtual View Quality Enhancement Through 

Synthesised Frame Learning for Multiview Video 

Coding 

 

 

4.1 Introduction 

View synthesis techniques are recognised as a promising tool for rendering views from 

multiview video plus depth (MVD) to support multiview video coding (MVC) [3][64]. The 

preliminary concept of the view synthesis technique is presented in Chapter 3. Chapter 3 also 

includes DIBR, pixel modelling and three hole-filling techniques to support view synthesis. A 

basic MVC application is also presented in Chapter 3 to evaluate the performance of the hole-

filling technique. In this process, the Gaussian mixture modelling (GMM) technique is used to 

separate background and foreground pixels by exploiting temporal correlations of the original 

frames. Then, a weighting factor is used to modify pixel intensities in the background and 

foreground based on the number of GMM models. However, the weights vary with time due to the 

dynamic nature of the background and motions of the moving objects. To accommodate these 

changes, an adaptive weighted average hole-filling (AWAHF) technique is proposed in this 

chapter. In this technique, the relatively large contribution from warped image provides a better 

quality of the view synthesis. It is due to the less relevancy of the learned foreground with the view 
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synthesis. Moreover, an adaptive strategy is developed to reset GMM modelling if the 

contributions of the pixel intensities drop significantly due the rapid changes of foreground within 

a short period of time. This technique reduces the error introduced in the warping process and 

improve the performances compared to the existing techniques. 

The uncompressed video consists of a huge amount of data, which requires a large 

bandwidth to be transmitted over the internet. This requires a lot of processing time and results in 

a large amount of memory consumption. Hence, a video should be compressed to reduce its size 

while maintaining its quality. To do this, some kind of smart algorithms or video coding techniques 

are required. A video file consists of a rapid succession of frames (usually 25fps), which is fast 

enough for the human eye to notice each frame. Usually, frames nearly 10 fps and above appear 

as smooth motion. To overcome the frame redundancies, suitable video coding is in demand for 

efficient compression. Therefore, an enhanced MVC framework is proposed and presented in this 

chapter (Chapter 4) where the synthesised frame is considered as a reference frame for motion 

estimation. 

The new contributions in this chapter are (i) adaptive weighting, (ii) an adaptive reset 

strategy for pixel modelling, (iii) view synthesis using synthesised images, (iv) introducing four-

reference and two-reference techniques instead of the standard three-reference MVC (whereas 

GMM, a new way to generate pixel intensity of the virtual view, is considered as in Chapter 3). 

The rest of this chapter is organised as follows (shown in Figure 4.1). Section 4.2 describes 

the proposed view synthesis approach with adaptive weighted hole-filling technique, and Section 

4.3 presents the adaptive weighting factor. Section 4.4 focuses on view synthesis for MVC, while 

Section 4.5 presents results and discussion. Finally, the chapter summary is included in Section 

4.6. 



Virtual View Quality Enhancement Through Synthesised Frame Learning 

for Multiview Video Coding 
 

97 
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Three articles have been published based on work in this chapter: 

 (i) D. M. M. Rahaman, and M. Paul, “Virtual View Synthesis for Free Viewpoint Video 

and Multiview Video Compression using Gaussian Mixture Modelling,” IEEE Transactions on 

Image Processing 2018 [36].  

 (ii) D. M. M. Rahaman, and M. Paul, “Adaptive Weighting between Warped and Learned 

Foregrounds for View Synthesize,” IEEE International Workshop on Hot Topics in 3D - Hot 3D 

(in conjunction with International Conference on Multimedia and Expo (ICME)) 2017 [37].  

(iii) D. M. M. Rahaman, and M. Paul, “A Novel Virtual View Quality Enhancement 

Technique through a Learning of Synthesised Video,” IEEE Conference on Digital Image 

Computing: Techniques and Applications (DICTA) 2017 [38].  

 

4.2 Proposed Adaptive Weighted Average Hole-Filling  

The proposed AWAHF is based on four steps: virtual view interpolation, pixel modeling, 

adaptive hole-filling, and the adaptive weighting factor. The interpolation of the virtual view 

(which is known as DIBR) is presented in Section 3.2, Chapter 3. Details on GMM (which is 

known as pixel modelling) are presented in Section 3, Chapter 3. The remaining steps are described 

in the following section/subsection as follows. Details on adaptive hole-filling are presented in 

Section 4.2.1, and the adaptive weighting factor is covered in Section 4.3. 

In the AWAHF technique, the GMM technique is used to separate background/foreground 

pixels and modify the pixel intensities of the generated view. This is done using all the 

corresponding pixel intensity models available in GMM, including the background model(s). 

Pixels missing from the background is recovered using the adaptive weighted average of the pixel 
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intensities from the model(s) and the blended image to overcome the error introduced in the 

warping process. In this technique, the inherent characteristics of Gaussian mathematical models 

are capitalised upon to recover occluded areas. Although the GMM technique is more effective for 

static background scenarios, it is also useful to address pixel intensity problems in the context of 

occlusion. It can also handle dynamic background scenarios with minor changes. To handle more 

dynamic background and foreground scenarios, an adaptive reset mechanism is introduced in the 

proposed method when the current models lose their relevancy of the scene. 

In the GMM technique, if a pixel in a certain position possesses similar intensity over a 

period, it represents only one model which indicates that the pixel is in the background. On the 

other hand, if a pixel in a certain position possesses different pixel intensity, then it is represented 

with multiple Gaussian models. This indicates that the pixel can be part of the background and 

foreground at different times. Therefore, the hypothesis is that the number of GMM models would 

be a good indicator to identify pixels as part of the background or the foreground. In the 

background improvement (BI), weighted hole-filling using single view (WHFSV) and weighted 

hole-filling using multiple views (WHFMV) (Chapter 3) techniques, the GMM is applied to the 

target viewpoint frames instead of the adjacent view, assuming that synthesised previous images 

of the interpolated view are already available. This technique provides a better pixel 

correspondence, which leads to better quality compared to the view synthesis reference software 

(VSRS) [97], selective hole-filling [18], inverse mapping (IM) [7] and background update (BU) 

[8] techniques. In the BI, WHFSV and WHFMV (Chapter 3) techniques, if a pixel in a certain 

position is part of the foreground once, but is at the background in other moments, it is considered 

to be a foreground pixel throughout the techniques. However, in reality, a pixel in a certain position 

is part of the foreground once that pixel can also be part of the background intensity again. Based 
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on this hypothesis, in the proposed AWAHF technique, appropriate background and foreground 

pixels are finding to fill missing pixel intensities of the virtual view.  

The weighting factor is used to balance the contribution of the blended image and GMM 

model. This is crucial as the PSNR of the view synthesis may vary from 1.0~ 6.0 dB by using 

different weights to balance the contributions between the blended image and the GMM models. 

Here, an adapting weighting technique is proposed to fill up missing pixels in the view synthesis. 

In this experiment, it is observed that if a video has more moving regions, it will also tend to 

contain more pixels which use two or more Gaussian models. In such a situation, the relatively 

large contribution from the blended image provides better quality for view synthesis. The relatively 

large contribution from the blended image is due to less relevancy of the learned foreground for 

view synthesis, where rapid changes occur in the foreground within a short period. Here, first, a 

relationship between the weighting factor and the percentage of multiple Gaussian models is 

established using a certain number of videos. Then, the relationship is applied in order to generate 

a view synthesis. The experimental results show (Section 4.5) that the proposed technique does 

not result in any significant quality degradation in comparison to the maximum achievable quality 

which can be achieved by setting fixed weights (i.e., any values in between 0 to 1). 

The working procedure of the proposed AWAHF technique is as follows. 

(i) First, n-th texture images from two adjacent views are warped into a virtual position by 

using their corresponding depth maps and camera parameters to generate the n-th image of the 

intermediate view. These warped images contain holes (missing pixels) due to occlusions and 

integer rounding error.  
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 (ii) Then, two warped images are blended in order to reduce the missing pixels and to 

make a blended image. This procedure reduces the number of holes but does not help to recover 

all the missing pixel intensities, especially in occluded regions.  

 

 

Figure 4.2: Proposed view synthesis technique. 

 

H
o

le
-f

il
li

n
g

 

View 1 

n-th Texture 

View 1 

n-th Depth

View 1

Warped texture

View 3

Warped texture

Blending

View 2 n-th 

texture 

B
le

n
d

e
d

 

te
x

tu
r
e

W
a

r
p

in
g

W
a

r
p

in
g

View 2 (n-2)-

th texture

View 2 (n-1)-

th texture

View 2 (n-i+1)-

th texture

Background 

model(s)

McFIS

B
a

c
k

g
r
o

u
n

d
  

  
  

m
o

d
e
ll

in
g

S
w

it
c
h

in
g

.   .   .   .   .   

.   .   .   .   .   

.   .   .   .   .   

D
I
B

R

View 3 

n-th texture  

View 3 

n-th depth



Virtual View Quality Enhancement Through Synthesised Frame Learning 

for Multiview Video Coding 
 

102 

 

(iii) To recover these missing pixels, the GMM technique is used to model each pixel with 

available previously-synthesised frames of the virtual view, as shown in Figure 4.2.  

(iv) The n-th frame of a virtual view is generated, based on the assumption that 1 to (n-1)-

th frames for the GMM are already available.  

(v) The pixel models in Step-3 are then reset periodically after a certain interval based on 

parameter i, where i = 2, 3, 4… n (refer to Figure 4.2). The reset of models depends on the 

weighting factor (for details, see Section 4.3).  

(vi) For pixel classification, initially, the original frame is used for GMM, followed by the 

synthesised frame. Then, based on the number of GMM models, each pixel is classified as a 

foreground or background pixel.  

(vii) A McFIS is then generated from the background pixel models to recover the missing 

pixels.  

(viii) After that, the missing pixel intensities of the background and foreground areas are 

filled using the adaptive weighted intensities between the blended image and the learned 

background and foreground model(s) of the GMM.  

The subsequent sections describe the adaptive hole-filling technique and the process of 

choosing the value of the weighting factor. 

 

4.2.1 Adaptive Hole-Filling 

A pixel position possesses only one model over time in different frames; it represents a 

static background pixel. Conversely, a pixel position possesses more than one models; it represents 

foreground or background pixel, where the highest value of weight/standard deviation represents 



Virtual View Quality Enhancement Through Synthesised Frame Learning 

for Multiview Video Coding 
 

103 

 

the most stable background. As the GMM has an inherent capacity to capture background and 

foreground pixel intensities, missing pixel intensities of an occluded area are successfully 

recovered by exploiting temporal correlation. In adaptive hole-filling (AHF), if a pixel is 

considered a static background pixel, the pixel intensity of the synthesised image ( c

t ) is taken 

from the most recent value (
c

tk , ) of the model and blended image (details are presented in Section 

3.3, Chapter 3). However, in a video with larger moving objects and faster motion, the content of 

the video changes frequently. As a result, the models lose relevancy with the past frames. In this 

scenario, learned foreground using GMM does not provide suitable pixel intensity in order to 

generate a virtual view. Therefore, it is necessary to reset the models after a certain interval. 

Otherwise, error propagates through the whole system. On the other hand, the pixel intensities of 

the synthesised image are taken as a weighted average from the blended image and the most recent 

value of the model, which provides the lowest value in terms of  
weight

SD
 , where SD stands for 

standard deviation. The details of the interpolated image recovering technique using GMM are 

described below:  

Case 1: If a pixel position possesses only one model over the whole duration for a given 

colour, the most recent value (
c

tk ,
 ) of the colour is stored for the image synthesis using Equation 

(4.1): 

c

tk

c

t

c

t ,)5842.00.1()5842.0(    (4.1) 

where ξ is the weighting factor (detailed derivation is shown in Section 4.3), when multiple 

models are zero the minimum values of ξ is 0.5842, the modelling is reset when the value of ξ is 

0.90 therefore, the ξ vary from 0.5842 to 0.90 and 
c

t is the outcome of the IM [7] technique.   
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Case 2: If a pixel possesses more than one model for a given colour over the duration 

(whether it is a foreground or a background pixel), initially, the (IM) [7] is used to fill the holes. 

Then, the smallest difference between the pixel intensities of c

t  and the most recent values
c

t,1 , 

c
t,2

 and
c

t,3 are deduced as follows in terms of Equation (4.2): 

Δ1 = |Ι𝑡
𝑐 − 𝐵1,𝑡

𝑐 |   

Δ2 = |Ι𝑡
𝑐 − 𝐵2,𝑡

𝑐 |  

Δ3 = |Ι𝑡
𝑐 − 𝐵3,𝑡

𝑐 |  

Δ = min (Δ1, Δ2, Δ3) (4.2) 

If Δ = Δ1, the pixel represents the background at that moment for a given colour and stores 

the most recent value 
c

t,1  of the colour for the synthesised image, using Equation (4.1): 

 If Δ = Δ2 or Δ = Δ3, the pixel represents the foreground at that moment. Therefore, a 

weighting factor (ξ) is chosen in order to select a portion of the
c
t and a portion of the most recent 

value of the second or third model ( c
t,2

 or c
t,3

 ) as follows, as shown in Equation (4.3): 

c

tk

c

t

c

t ,)1(    (4.3) 

where the value of k is either 2 or 3. The AHF is based on the adaptive weighting factor (ξ), details 

of which are presented in the next section 
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4.3 Adaptive Weighting Factor  

In the proposed AWAHF technique, it can be observed from Figure 4.3 that different values 

of the weighting factor ξ influence the quality of the resulting virtual view. Thus, it is essential to 

determine the value of ξ in different frames and videos. To determine the value of ξ, there is a need 

to learn which factors influence the value so that it provides a better virtual view. The considered 

theory for the proposed technique is that if a video has larger foreground areas with fast motion, 

the video should have a larger number of pixels with multiple GMM models. In this case, the video 

should show a tendency to take more pixel intensities from the blended image compared to the 

background image, as the background model loses its relevance more frequently over time. Thus, 

the value of ξ would be proportionate to the number of multiple models in GMM.  

 

Figure 4.3: Trend of the weighting factor (ξ). 
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Through experiments, it has been observed that there is a positive relationship between the 

value of ξ and the number of pixels with multiple models of a frame. In this scenario, learned 

foreground using GMM does not provide suitable pixel intensities for a virtual view. Thus, the 

value of ξ should be higher for those cases, as the warped image has more contribution compared 

to the learned foreground. A relationship (i.e., a third-degree polynomial) between the percentage 

of multiple models and the weighting factor (ξ) is derived for a number of videos which is shown 

in Figure 4.3. This relationship is used in each frame of the video to adaptively set the value of the 

weighting factor. It has been assumed that ¥ is the percentage of the number of pixels classified 

using model 2 or model 3 and it can be defined as shown in Equation (4.4): 

   ¥ = 
𝐴2+𝐴3

𝐴1+𝐴2+𝐴3
× 100 (4.4) 

where, A1, A2 and A3 are the number of pixels which possesses model 1, model 2 and model 3 

respectively.  

From Equation (4.4), the value of ¥ is used in Equation (4.5) in order to determine the value 

of 𝜉 that is shown in Figure 4.3. It should be mentioned here that the weighting factor is calculated 

from the (n-1)-th frame and used to generate the n-th virtual frame. 

𝜉 = f(¥)  

= 0.0004 × ¥3 − 0.0116 × ¥2 + 0.1214 × ¥ + 0.5842 (4.5) 

The main idea of determining the adaptive weighting factor is that if a video contains larger 

moving objects, the larger contribution should come from warped images compared to the GMM 

models to ensure better view synthesis. Moreover, it helps to reset the pixel modelling after certain 

intervals depending on the number of multiple models. When the number of multiple models 

increases, the contribution of learned background/foreground reduces, in order to ensure better 
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view synthesis. Here, the modelling is reset when the value of ξ is 0.9 or higher. Figure 4.3 shows 

that when the value of ξ is very close to 1, the number of multiple models is close to 13% or more. 

This means that the learned foreground models have little or no contribution to the formation of a 

virtual view. However, the learned background of GMM still has some contribution when forming 

the virtual frame in static and uncovered background areas. For the adaptive weighting factor to 

generate a virtual view, there is no need to sacrifice quality relative to the maximum level of quality 

which can be achieved by setting the weights from 0 to 1 (refer to Figure 4.8). 

MVC based on the AWAHF technique is presented in the next section. 

 

4.4 Proposed View Synthesis for Multiview Video Coding 

Adjacent views of multiview video (MVV) sequences are captured using multiple cameras 

with slightly different angles. Therefore, there are disparities among the different views. Here, to 

predict the position of the co-located pixels/blocks at different instances of the same views, the 

motion estimation technique is used. However, finding the position of the co-located pixels/blocks 

in different frames using motion estimation and disparity estimation is time-consuming [89][90]. 

Therefore, a reduction in the computational requirements for searching motion parameters such as 

motion vector is an important aspect of the current research [98]–[100]. The best policy to reduce 

this computational time is to reduce the number of reference views. Traditionally, the three-

reference technique uses already-encoded frames of adjacent views (reference frame 1 and 2 in  
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Figure 4.4: Proposed MVC coding technique by using four references, such as (n-1)-th frame of 

view 2, n-th frame of view 1, n-th frame of view 3 and the virtual frame generated by the 

proposed technique. 
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Figure 4.4) and the previous frame of the current view (reference frame 3 in Figure 4.4) to encode 

each frame of the dependent-view [6][27].  

In this technique, a disparity 𝛿 is used to find a current block (𝑋𝑐, 𝑌𝑐) on the adjacent 

reference views ((𝑋𝑟1,𝑌𝑟1) and (𝑋𝑟2, 𝑌𝑟2)) where 𝑋𝑟1 = 𝑋𝑐 ∓ 𝛿 and 𝑋𝑟2 = 𝑋𝑐 ± 𝛿. This method 

only considers the horizontal component as MVV sequences are rectified [27]. Motion vectors are 

predicted to find a current block on the previous frame of the current view (𝑋𝑟3, 𝑌𝑟3) [13][31]. 

Instead of typical approaches, the proposed view synthesis technique is used to generate a 

synthesised current frame, this frame is then used as the fourth reference frame. The synthesised 

frame is almost similar in terms of the object position and its motion to the expected frame. 

Therefore, there are four candidates (references) for choosing each block to encode the current 

frame of the middle view (view 2) as shown in Figure 4.4. As the fourth reference frame has more 

similar content with the current frame compared to the other three reference frames, it is expected 

that encoding the current frame using four reference frames provides better quality.  

To assess the effectiveness of the proposed virtual frame, two references (reference frame 

3e and reference frame 4) are also considered as shown in Figure 4.4. This technique also provides 

better quality current frame compared to the traditional MVC approach.  

 

4.5 Results and Discussion  

The performance of the proposed AWAHF technique has been evaluated in terms of peak-

signal-to-noise-ratio (PSNR). PSNR is used to measure the squared intensity differences of 

synthesised and original image pixels. Based on average PSNR performance, the outcomes of  
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AWAHF  is compared with the state-of-the-art methods, namely, VSRS [97], inpainting [19], and 

BU techniques [8]. Four standard MVV sequences are selected in order to test the performance of 

AWAHF.  

Table 4.1 lists the input reference viewpoints, the virtual viewpoints and the baseline of the four 

video sequences used. The same warping and blending techniques for 100 frames using adjacent 

views are used, and then applied on inpainting, BU and the proposed methods AWAHF for refining 

the blended images. The details results are described in the following subsection 

 

4.5.1 Results of Adaptive Weighted Average Hole-Filling 

Figure 4.5 shows that the proposed AWAHF technique provides better performance in 

comparison to the existing hole-filling techniques for all video sequences. The improvement range 

varies from 7.85dB to 11.69dB (with average improvement 9.72dB) for VSRS, 7.32dB to 8.85dB 

(with average improvement 8.25dB) for inpainting and 5.40dB to 7.65dB (with average 

improvement 6.51dB) for the BU technique respectively.  The reason for this improvement is that 

the proposed technique identifies both foreground and background pixel intensities accurately even 

if a pixel position possesses multiple models to refine the virtual view.  

 

Table 4.1: Test sequences, synthesised viewpoints and baseline 

Sequences Input Reference 

Viewpoints 

Target 

Viewpoint 

Baseline 

Newspaper [92] 6,2 4 185.37 

Lovebird1 [93] 8,4 6 148.12 

Poznan Street [94] 5,3 4 3.19 

Book Arrival [95] 10,6 8 2.31 
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Figure 4.5: Comparison of average PSNR for the VSRS, inpainting, BU and proposed 

AWAHF techniques (100 frames). 

 

Furthermore, when comparing the respective outcomes of the preliminary hole-filling 

technique, WHFSV (in Section 3.4.2, Chapter 3), with the proposed technique AWAHF technique 

(as shown in Figure 4.6), it is apparent that AWAHF outperforms WHFSV for all video sequences. 

This is because WHFSV takes only a single view as input for warping, whereas AWAHF uses two 

adjacent views for warping. Moreover, AWAHF identifies both foreground and background pixel 

intensities accurately to refine the virtual view when multiple models are used to model pixel 

intensities. The model which provides the least difference in pixel intensities between the blended 

image and the different models in GMM for a given moment, represents either foreground or 

background pixel intensity. However, for WHFSV, that pixel was considered as a foreground pixel 

intensity throughout. That is why the PSNR of the virtual view using the AWAHF increases in 

relation to the number of frames compared to WHFSV. 
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Figure 4.6: PSNR comparison between the proposed AWAHF and WHFSV for the Newspaper 

(NP), Lovebird1 (LB), Poznan Street (PS) and Book Arrival (BA) video sequences. 

 

The PSNR is analysed against values of weighting factor ξ ranging from 0 to 1, in order to 

observe the performance of the AWAHF technique is as shown in Figure 4.7. In this approach, 

both GMM models and blended images contribute to the reconstructing of the synthesised images. 

This can be seen in the 30th frame of each of the four video sequences in Figure 4.7. It should be 

mentioned here that if we get the maximum PSNR value for a given image where the value of ξ is 

0.6, this means that 60% and 40% of the foreground pixel intensities are taken from the blended 

image and the learned foreground respectively. It can be observed that while a fixed threshold may 

be effective for some frames, not all frames have the same threshold. Thus, it is crucial to use an 

adaptive threshold rather than a fixed threshold. 
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The maximum PSNR and adaptive PSNR are also compared against predicted frames for 

Newspaper, Lovebird1, Poznan Street (up to 100 frames each) and Book Arrival (full sequence), 

in order to observe the performance of the AWAHF technique as shown in Figure 4.8. From this 

figure, it can be seen that the Newspaper, Lovebird1, Poznan Street and Book Arrival video 

sequences sacrifice 0.10 dB, 0.08 dB, 0.16 dB and 0.23 dB PSNR on average. The slope of this 

curve is controllable by changing the values of ξ. If the value of ξ was greater than or equal to 0.9, 

the pixel modelling was reset in this experiment, as a weighting factor greater than or equal to 0.9 

caused the contributions from the GMM models to reduce by 0.1 or less. Here, the pixel modelling 

is reset 10, 5, 9 and 14 times for the Newspaper, Lovebird1, Poznan Street and Book Arrival video 

sequences respectively. Usually, due to the content of the video, the PSNR of the view synthesis 

occasionally rises or falls over time. Therefore, the proposed reset strategy is devised to handle  

 

 

Figure 4.7: Weighting factor (𝜉) vs PSNR (dB) for the Newspaper, Lovebird1, Poznan Street 

and Book Arrival video sequences. 
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this trend of changing PSNR over time by reducing the contributions of the pixel intensities of the 

GMM model. 

Figure 4.9 illustrates the subjective quality (i.e., visual outlook) for the Newspaper video 

sequence. Here, Figure 4.9 (a) shows the original image (10th original frame) of the virtual view, 

whereas (b) and (c) shows green rectangular boxes that are used to mark the cropped and zoomed 

portion. Figure 4.9 (d), (g), (j) and (m) shows the synthesised images generated using the VSRS, 

inpainting, BU and the proposed AWAHF techniques respectively. Figure 4.9 (e), (f), (h), (i), (k), 

(l), (n) and (o) show the corresponding cropped and zoomed images. Figure 4.9 demonstrates that 

the proposed technique is able to generate a good quality view synthesis compared to the other 

three methods mentioned. 

 

 

 

 

Figure 4.8: Comparison of maximum PSNR (dB) and proposed AWAHF PSNR (dB) for 100 

frames for four video sequences by learning original frames. 
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(a) (b) (c) 

   

(d) (e) (f) 

   

(g) (h) (i) 

   

(j) (k) (l) 

   

(m) (n) 

 

(o) 

Figure 4.9: (a) Original frame,  (b) and (c) cropped and zoomed image of the original frame; (d) synthesised 

frame generated by VSRS, (e) and (f) cropped and zoomed image of the VSRS; (g) synthesised frame 

generated by inpainting technique, (h) and (i) cropped and zoomed image of the inpainting technique; (j) 

synthesised frame generated BU technique, (k) and (l) cropped and zoomed image of the BU technique; (m) 

synthesised frame generated by AWAHF technique,  (n) and (o) cropped and zoomed image of the AWAHF 

technique. 
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Figure 4.10 presents the effectiveness of the proposed AWAHF, after applying AWAHF 

to the synthesised images generated by the IM technique. It shows that AWAHF improves the 

quality of the synthesised view by increasing the average PSNR around 0.57dB, 0.15dB, 0.27dB 

and 0.32dB for the Newspaper, Lovebird1, Poznan Street and Book Arrival video sequences 

respectively in comparison to the IM technique. 

Figure 4.11 demonstrated the subjective quality of AWAHF when we learned the output 

of the IM technique [7]. It shows that the proposed technique provides better-synthesised images. 

As the parameters of the proposed technique are not optimised for the synthesised views, the 

proposed technique gives moderate improvement. If better-quality images for learning GMM were 

available, the proposed technique would provide better-synthesised images. 

 

 

 

Figure 4.10: IM vs proposed AWAHF PSNR (dB) for four video sequences when learning 

the output of IM for 50 frames. 

 



Virtual View Quality Enhancement Through Synthesised Frame Learning 

for Multiview Video Coding 
 

117 

 

   

(a) (b) (c) 

Figure 4.11: (a) Original image, (b) output image generated by the IM technique and (c) output 

image generated by the proposed AWAHF technique after learning IM output. 

 

To understand the effectiveness of the proposed adaptive view-synthesised technique in 

the moving background sequences, experiments were conducted using the video sequences 

Balloons [95], Kendo [95], Poznan Hall2 [94] and Undo Dancer [96] with 50 frames each. Figure 

4.12 shows the performance of the AWAHF technique compared to the IM method [7]. It also 

shows that the proposed method performs better than the IM technique for the Balloons and Kendo 

video sequences but not for the other two. This may be due to the relatively low proportion of 

moving background in the first two video sequences compared to other two video sequences. Thus, 

the proposed technique still provides good results if the moving background is not too fast. 
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Figure 4.12: Average PSNR comparison between IM and the proposed AWAHF techniques 

for moving background video sequences for 50 frames.  

 

4.5.2 Results of View Synthesis for Multiview Video Coding 

For encoding different resolutions and a wide range of video content for different views in 

3D-high-efficiency video coding (3D-HEVC), each frame is divided into a number of blocks with 

various sizes, such as 8×8, 16×16, 32×32 and 64×64 pixels, with search lengths of 8, 16, 32, 64 

and 128 pixels respectively [3]. In order to assess the performance of the proposed four- and two-

reference techniques compared to the existing three-reference technique, an experiment was 

designed in which two types of block size were used: a 32×32-pixel block (with 64-pixel search 

length) and a 64×64-pixel block (with 64-pixel search length). Due to the better performance of 

the AWAHF, the proposed technique provides higher PSNR in comparison to the conventional 

approaches, as shown in Figure 4.13 (a) and Figure 4.13 (b) for a 32×32-pixel block and a 64×64-

pixel block respectively. These figures show that the PSNR improvement in the two-reference and  
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(a)  

 

(b) 

Figure 4.13: PSNR comparison of the proposed MVC techniques: (a) motion estimation for a 

32×32-pixel block and (b) motion estimation for a 64×64-pixel block. 
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Figure 4.14: Comparison of rate-distortion performance of two-reference, three-reference 

and four-reference techniques in terms of the bit rate for four video sequences. 
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four-reference techniques are in the range of 3.18 to 4.95 dB and 3.15 to 5.14dB for block size 

32×32 and 64×64 pixels respectively. The four-reference technique also provides a higher PSNR 

in comparison to the two-reference and three-reference techniques.   

For further performance verification of the proposed two-reference and four-reference 

techniques for video sequences with both static (Newspaper and Lovebird1) and moving (Balloons 

and Undo Dancer) cameras, the rate-distortion (RD) performance are generated using different 

quantisation parameters (QPs) (22, 27, 32 and 37) for MVC as shown in Figure 4.14. Here, the 

3D-HEVC structure is used, where the first view and third view are encoded using HEVC coding 

framework. The middle view is encoded using two adjacent inter-view images, the immediate 

previous intra-view image, and the synthesised image. All reference frames are generated from the 

reconstructed (decoded) reference frames, so that, both encoder and decoder have the same 

reference frames. The effectiveness of the proposed method is compared in terms of generating a 

better-synthesised view (which is used as one of the reference frames for coding purposes). The 

results in Figure 4.14 illustrate that both the proposed techniques improve RD performance 

significantly in all the video sequences by improving the quality of the synthesised views. 

The performances of the four-reference and two-reference techniques against the three-

reference techniques are evaluated again based on the Bjøntegaard-Delta Bit Rate (BD-BR) and 

Bjøntegaard-Delta PSNR (BD-PSNR) [101] in Table 4.2, where the ‘+’ and ‘–’ sign indicates the 

increment and decrement respectively. For all eight video sequences, the four-reference and two-

reference techniques provide gains of around 1.07dB and 0.88dB BD-PSNR, while the BD-BR 

decreases by 29.68% and 26.06% on average respectively compared to the conventional three 

reference technique. The proposed method outperforms the three-reference techniques for all video 

sequences in terms of both improving the BD-PSNR and reducing the BD-BR. 
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Table 4.2: Performance of the proposed four-reference and two-reference methods against the 

existing three-reference techniques using BD-bit rate and BD-PSNR. 

Sequences Four-Reference Two-Reference 

BD-PSNR (dB) BD-BR (%) BD-PSNR (dB) BD-BR (%) 

Newspaper +1.92 -33.03 +1.67 -27.75 

Lovebird1 +0.77 -23.35 +0.72 -22.74 

Poznan Street +0.48 -14.43 +0.43 -13.65 

Book Arrival +1.7 -39.12 +1.62 -38.53 

Balloons +0.75 -38.33 +0.47 -35.67 

Kendo +0.80 -23.88 +0.53 -16.88 

Poznan Hall2 +0.80 -28.99 +0.6 -24.14 

Undo Dancer +1.32 -36.28 +0.6 -24.14 

Average +1.07 -29.68 +0.88 -26.06 

 

MVC leads to high computational complexity, which limits its application on low power 

consumption electronic devices such as smartphones [31]. Total encoding time heavily depends 

on motion and disparity estimation. Usually, there are no significant time differences for estimating 

motion and disparity, as shown in [89][102]. Moreover, MVC exhaustively checks a number of 

inter/intra modes for a coding unit to select the best mode for encoding. This procedure increases 

complexity multiple times compared to the uni-mode technique [77]. Therefore, any technique 

which skips disparity estimation and/or motion estimation should reduce time complexity. The 

proposed two-reference technique skips disparity estimation and improves PSNR in comparison 

to the three-reference technique. Although the proposed technique needs extra computational time 

in order to complete virtual view synthesis, it reduces overall time consumption for MVC by 

around 28.95%, whereas the four-reference technique requires an extra 18.42% time on average, 
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compared to the existing three-reference technique (Figure 4.15). In both cases, the proposed 

techniques outperform the three-reference technique in terms of image quality for a given bit rate. 

All experiments are conducted on a dedicated desktop machine DELL OPTIPLEX 9020 (with 

Intel Core i5-4690 CPU @ 3.50 GHz, 8 GB RAM and 250 GB HDD) running 64-bit Windows 7 

operating system. According to the RD performance (see Table 4.2Table 4.2 and Figure 4.14), the 

proposed four-reference technique outperforms the proposed two-reference technique for all video 

sequences. Significant performance gains are observed for the video sequences with camera 

motions (Undo Dancer, Poznan Hall2, Kendo and Balloons). However, the proposed four-

reference technique requires around 47% extra computational time compared to the two-reference 

technique.  

 

 

Figure 4.15: Encoding time speed up for the proposed four- and two-reference techniques 

compared to the traditional three-reference technique for MVC. 
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4.6 Summary  

In Chapter 3, the hole-filling techniques were presented to fill the missing pixels. In these 

techniques, if a pixel in a certain position is part of the foreground once, that pixel was considered 

to be a foreground pixel throughout the techniques. However, in reality, even when a pixel in a 

certain position is part of the foreground once, that pixel can also be part of the background again.  

Therefore, the technique proposed in this chapter can be used to find the correct pixels for the hole-

filling. First of all, the IM technique is used to fill the holes. Then, the smallest difference between 

the pixel intensities of the outcome derived from the IM technique and the most recent values is 

used to classify foreground and background pixels accurately. Next, an adaptive weighting factor 

mechanism is used to fill the missing pixels, instead of a fixed threshold.  Moreover, to handle 

dynamic background and foreground scenarios, an adaptive reset mechanism was also introduced 

in this chapter to improve the quality of the synthesised view. Experimental results show that the 

proposed technique provides 9.72dB, 8.25dB and 6.51dB PSNR improvement on average in 

comparison with the VSRS, inpainting and Background Update techniques respectively.  

To evaluate the effectiveness of the proposed AWAHF technique, the synthesised view 

from the decoded frames is used as an additional reference frame for MVC. This improves the 

quality of the encoded frame by an average of BD-PSNR 1.07dB compared to the standard 

techniques. Another version of the proposed technique provides BD-PSNR 0.88dB improvement 

in comparison to the existing MVC technique. In both cases, the proposed techniques outperform 

the three-reference techniques, as the synthesised frame is very similar in terms of object position 

and its motion to the expected current frame. The two-reference frames technique provides better 

computational time in comparison to the four-reference frames technique, as the four-reference 
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technique requires around 47% extra computational time compared to the two reference frames 

technique. Thus, the recommendation is to use the four-reference technique for the scenarios where 

the video sequences contain camera motions, but there is no concern regarding computational time 

requirements. Otherwise, the two-reference technique can be used for MVC.  

Though the proposed technique improves the quality of the synthesised view and MVC 

significantly, this technique is not effective if a frame is the first incoming frame for learning 

GMM, if there is an instant change of view or if the view is switched frequently by the user. A 

new hole-filling technique is presented in Chapter 5 to address this issue.
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Chapter 5  

View Synthesis Using Side View Information to Allow 

for Instant and Frequent View-Switching 

 

 

5.1 Introduction  

Virtual viewpoint video needs to be synthesised from adjacent reference viewpoints in 

order to provide an immersive perceptual 3D viewing experience of a scene. Recently, free 

viewpoint television (FVT) has become popular for watching 3D movies as it allows the user to 

observe a scene by freely changing viewpoint. To provide the viewer satisfaction, multiple cameras 

are used to capture a scene with a slight variation in view angles. 

The previous chapter (Chapter 4) showed that, in the context of the view synthesis 

technique, the temporal correlation among already-synthesised frames (mid- or targeted-

viewpoint) through Gaussian mixture modelling (GMM) learning can be used efficiently to fill 

missing pixels in occluded areas. However, the process of GMM learning with target viewpoint or 

mid-views is not effective if (i) a frame is the first incoming frame, (ii) the user abruptly changes 

their view, or (iii) the user switches their view frequently.  

To address the above issues, an alternative view synthesis technique is proposed in this 

chapter. In this proposed technique, GMM is applied to the adjacent reference viewpoint texture 

images and depth maps in order to generate the most common frame in a scene (McFIS). Then, 

texture McFISes is warped into the target viewpoint using its corresponding depth McFISes and 

both warped McFISes are merged. Then, the number of GMM models are utilised to refine pixel 
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intensities of the synthesised view by using a weighting factor to balance the contribution between 

the pixel intensities of the merged McFIS and the warped images (generated from the original 

textures and depths). The proposed technique provides accurate pixel correspondence compared 

to the related state-of-the-art techniques as highly correlated GMM models are generated from the 

side views and are utilised to recover missing pixels. 

The rest of the chapter is organised as follows (as shown in Figure 5.1). Section 5.2 

describes the approach of enhanced view synthesis via the accumulation of depth image-based 

rendering (DIBR), pixel modelling and hole-filling techniques; Section 5.3 presents experimental 

results and discussion. Finally, the chapter summary is presented in Section 5.4. 

The related contributions have been accepted/submitted at the following conferences: 

(i) D. M. M. Rahaman, and M. Paul, “Virtual View Quality Enhancement Using Side View 

Information for Free Viewpoint Video,” IEEE Conference on Visual Communications and Image 

Processing (VCIP), 2018 [39]. (Accepted)  

(ii) D. M. M. Rahaman and M. Paul, “Virtual View Quality Enhancement Using Side View 

Temporal Modelling Information for Free Viewpoint Video,” IEEE Conference on Digital Image 

Computing: Techniques and Applications (DICTA), 2018 [40]. (Submitted) 
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Figure 5.1: Chapter overview 

 

5.2 Proposed View Synthesis Using Side View Information 

The proposed view synthesis using side view information (VSSVI) technique is based on 

three steps: the DIBR, pixel modelling and hole-filling. Details on the DIBR technique are 

presented in Section 3.2, Chapter 3. Details on pixel modelling are presented in Section 3.3, 
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Chapter 3. The enhanced hole-filling filling process is presented in Subsections 5.2.1 and 5.2.2 

respectively.  

The working procedure of the proposed VSSVI technique is as follows. 

1. n-th texture images of the reference viewpoints (Vl or Vr) are warped (Vl
/
or Vr

/
)  into the target 

viewpoints based on their corresponding depth maps (Ωl and Ωr) and associated camera 

parameters (i.e., focal length (f) and baseline (l)).  

2. The warped images (from both sides) are blended to reduce the number of holes using Equation 

(5.1).  
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(5.1) 

where,    is the blended image and   is a weighted factor (to generate a middle view, the 

value of  is 0.5). The steps of the working procedure are described in Section 3.2.1. 

3.  Then, up to n-th texture images and depth maps from the reference viewpoints are used to 

learn GMM for generating McFISs for both texture images and depth maps respectively.  

4.  The texture McFISs are warped (
c

tklV
,

 and 
c

tkrV
,

) into the target viewpoint based on the 

corresponding depth McFISs and are then merged, as shown in Figure 5.2. Here (in Figure 

5.2), the parameter i is used to reset the pixel modelling after certain intervals. 

5. Then, the number of GMM models are utilised to refine pixel intensities of the synthesised 

view by using a weighting factor ( ) between the pixel intensities of the merged McFIS and 

the warped images.  
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Figure 5.2: The proposed VSSVI technique. 
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6. Finally,   is used to choose the correct pixel intensities between the blended texture ( c

t ) 

and merged McFIS ( c

tk , ) (details are presented in Section 5.2.3). 

 

5.2.1 Virtual View Interpolation 

Here, the considered view 1 and view 3 texture images are represented by 𝑉𝑙 and 𝑉𝑟 , their 

corresponding depth maps 
1  and 

2 of the same scene are captured by two cameras at the same 

time. Then, the true depth values Z is converted from the encoded depth map 
1  and 

2 . The 

disparity ( ) between the reference view and the virtual view is calculated by using camera 

parameters i.e., camera focal length f and the baseline distance l, i.e. the horizontal distances 

between the reference view and the virtual view position. After adjusting the true depth values and 

calculated disparity, the texture image is aligned (warped) in the new position. Then, depending 

on either with or without holes, the fusion of the warped views can be achieved to generate 

interpolated view using Equation (5.1). The detailed procedures of the warping technique are 

described in Section 3.2.2. 

 

5.2.2 Pixel Modelling  

In the proposed VSSVI technique, available textures and depth maps of the reference 

viewpoints (side views) videos are used to learn GMM instead of target viewpoint video (used in 

Chapter 3 and Chapter 4). In the VSSVI technique, for a particular reference view, if a pixel in a 

certain position possesses consistent intensity over a period of time, that pixel represents only one 
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model, which indicates that the pixel is a background for that reference view in question. On the 

other hand, if a pixel in a certain position that changes across time, then it can be represented by 

multiple Gaussian models. This indicates that the pixel can act as part of the background or the 

foreground at different times for that reference view. Therefore, the hypothesis is that the number 

of GMM models would be a good indicator to classify pixels as part of the foreground or the 

background for a particular view. Based on these assumptions, the learned GMM model’s history 

of the side views is utilised to identify correct pixel information and choose a weight between the 

side view GMM models and warped images in order to fill the missing pixels of the target 

viewpoint (details are presented in Subsection 5.2.3). 

The theory and basics are presented in Section 3.3, Chapter 3. The new addition of the 

hole-filling for VSSVI technique is as follows. 

If the pixel intensity of a colour (c) satisfies a model (k), for reference images 𝑉𝑙 or 𝑉𝑟, the 

pixel intensities are recorded as a most recent values 
c

tlV
,1

 or 
c

tr
V

,1
 for the respective reference 

view. In the VSSVI technique,  yx,  are used to denote the pixel coordinates of the image in the 

target viewpoint and its corresponding pixel coordinates in the reference original images 
lV  and 

rV  are  ll yx ,  and  rr yx ,  respectively. These values are used to recover missing pixels (details are 

presented in Subsection 5.2.3).   

 

5.2.3 Hole-Filling 

In the following experiment, the original texture images of the reference viewpoints 
lV  and 

rV  are mapped in the target viewpoints by using original depth maps. Here,  yxVl ,  and  yxVr ,
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are the pixel values of the warped images. Then, the pixel coordinates of the warped images can 

be found in the references original images  ll

l yxV ,  and  rr

r yxV , . If a pixel is part of the static 

background at that time, the pixel intensity is taken from the most recent value 
c

tlV
,1

 and 
c

tr
V

,1
 to 

generate the McFISs. Similarly, the depth McFISs are generated from both references viewpoint 

images. Then, both McFISs are warped in the target viewpoint based on the corresponding depth 

McFISs and merged using Equation (5.2). The merged McFIS ),(, yxc

tk  is as follows,  

.)1(),(
,1,1,

c

tr

c

tl

c

tk VVyx   (5.2) 

where,   is a constant with value 0.5 as both texture McFISs are equally important for this 

experiment since the intermediate view is generated from the adjacent reference viewpoint videos. 

The details of the hole-filling technique are described as follows.  

Case 1: If a pixel position possesses only one model for both views  ll

l yxV ,  and 

 rr

r yxV ,  over a certain duration for a given colour, the most recent value (
c

tlV
,1

and
c

trV
,1
) are stored 

to determine ),(, yxc
tk  for that colour. Then, the final synthesised images ( c

t ) from the blended 

images ( c

t ) and the merged McFIS ( c

tk , ) is determined, using Equation (5.3): 

.)1( ,

c

tk

c

t

c

t M   (5.3) 

where,   is a constant with value 0.5, as there is an equal 50% chance of the pixel 

becoming part of the foreground or the background in the target viewpoint. 

Case 2: If a pixel position  ll yx ,  possesses more than one model and   rr yx ,  posseses 

only one model for a given colour over a certain duration, whether  ll

l yxV ,  is a foreground or a 
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background pixel, the smallest difference between the pixel intensities of blended images ( c
t ) 

and the most recent values ,
,1

c

tlV ,
,2

c

tlV and 
c

tlV
,3

are as follows (shown in Equation (5.4)). 

;
,11

c

tl

c

t V ;
,22

c

tl

c

t V   

;
,33

c

tl

c

t V ).,,min( 321   (5.4) 

If ,1 the pixel  ll

l yxV ,  represents the background at that moment for a given 

colour. The most recent value (
c

tlV
,1
) is stored to determine ),(, yxc

tk  the colour by using Equation 

(5.2) and the final synthesised images are determined using Equation (5.3). 

If 2 or 3 , the pixel  ll

l yxV ,  represents the foreground at that moment. In this 

case, there is a high chance that the pixel may become as foreground. Therefore, a factor   (i.e., 

0.75) is used to choose maximum contributions from 
c

t  compared to c

tk , . Here, c

tk , is 

determined from the most recent value of the second or third model, i.e., ,
,2

c

tlV or 
c

tlV
,3

. In this case, 

less emphasis is given to the McFIS as there is a chance that the pixel will become a foreground 

pixel. Then, the final synthesised images are determined using Equation (5.5). 

.)1( ,

c

tk

c

t

c

t M   (5.5) 

where, the value of k is either 2 or 3. 

Similarly, if a pixel position  rr yx ,  possesses more than one model and  ll yx ,  possesses 

only one model for a given colour over a certain duration, Case 2 is repeated as there is a chance 

that the pixel will become a foreground pixel. 
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5.3 Results and Discussion 

To verify the performance of the proposed VSSVI technique, four well-known standard 

MVV sequences, i.e., Newspaper (NP), Lovebird1 (LB1), Poznan Street (PS) and Book Arrival 

(BA) were used for 50 frames. In this experiment, it is assumed that stereo cameras are used to 

capture video for a scene. In addition, the reference viewpoint images and associated camera 

parameters are rectified due to the simplicity.  

 The performance of the VSSVI technique was compared with that of related state-of-the-

art techniques, namely, view synthesis reference software (VSRS) [97], inpainting [19], BU [8] 

and IM [7]. Here should be mentioned that the proposed techniques in Chapter 3 and Chapter 4 

uses the target viewpoint frames for learning GMM, where, if a user instantly switches their view 

 

 

Figure 5.3: Average PSNR comparison between VSRS, inpainting, BU, IM and the proposed 

VSSVI techniques for 50 frames. 
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angle, the process of learning with targeted views or mid-views is not effective for the first 

incoming frame. In VSSVI, the main emphasis is on instant view switching. Therefore, the 

performance of VSSVI is not comparable with the techniques proposed in Chapter 3 and Chapter 

4. The same warping and blending techniques are used for adjacent views, then the inpainting, BU,  

IM and proposed VSSVI techniques are applied to them independently to refine the 

blended image. Figure 5.3 shows that the proposed VSSVI technique provides more accurate pixel 

correspondence compared to the existing hole-filling techniques for all video sequences. The 

improvement range varies from 4.62 dB to 8.24dB (with an average of 6.89 dB); 2.63 dB to 6.80 

dB (with an average of 5.47 dB); 1.28 dB to 5.39 dB (with an average of 2.76 dB); and 0.58 dB to 

0.65 dB (with an average of 0.63 dB) in comparison to the VSRS, inpainting BU, and IM 

techniques respectively. Figure 5.4 illustrates the PSNR comparison for 50 consecutive frames.  

 

Figure 5.4: PSNR (dB) comparison between the IM and proposed VSSVI for 50 consecutive 

frames. 
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(a) (b) (c) 

   
(d) (e) (f) 

   
(g) (h) (i) 

   
(j) (k) (l) 

   
(m) (n) (o) 

   
(p) (q) (r) 

Figure 5.5: (a) Original frame, (b) and (c) cropped and zoomed image of the original frame; (d) VSRS 

technique, (e) and (f) cropped and zoomed image of the VSRS technique; (g) inpainting technique, (h) 

and (i) cropped and zoomed image of the inpainting technique; (j) BU technique, (k) and (l) cropped and 

zoomed image of the BU technique; (m) IM technique, (n) and (o) cropped and zoomed image of the IM 

technique; (p) proposed VSSVI technique, (q) and (r) cropped and zoomed image of the proposed 

technique. 
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 This shows that VSSVI demonstrates an improvement of around 0.58 dB, 0.70 dB, 0.65 dB and 

0.61 dB for NP, LB1, PS and BA video sequences compared to the IM [7] technique. In addition, 

Figure 5.5 illustrates the subjective (i.e., visual outlook) quality enhancement of the Newspaper 

video sequence using the proposed VSSVI technique compared to the VSRS, inpainting, BU, and 

IM techniques. Figure 5.5 (a) shows the original image (10th original frame of NP video sequence) 

of the virtual view. Green rectangular boxes are used to mark the cropped and a zoomed portion 

Figure 5.5 (b) and (c)). Figure 5.5 (d), (g), (j), (m) and (p) shows the synthesised images generated 

using the VSRS, inpainting, BU, IM and the proposed VSSVI technique respectively. Figure 5.5 

(e), (f), (h), (i), (k), (l), (n), (o), (q) and (r) shows the corresponding cropped and zoomed images. 

The, Figure 5.3, Figure 5.4 and Figure 5.5 demonstrate that VSSVI is able to generate a more 

accurate synthesised view compared to the other four standard techniques. The reason behind this 

improvement is that the proposed VSSVI technique is utilised the pixel intensities of the highly 

correlated GMM models which are generated from the side view information (textures and depth 

maps) to fill missing pixels in the background and foreground areas separately.  

In the proposed VSSVI technique, the adjacent reference viewpoint textures and 

corresponding depth maps are used to learn GMM, which requires additional computational 

complexity for learning phases. The learning phase is independent of the view generation phase, 

which means that, in practical applications, view generation and the learning phase can operate 

simultaneously as parallel processes. This is to make sure that the proposed technique does not 

require significant additional computational time. The proposed VSSVI technique can be used as 

part of MVC where a virtual view can be used as a reference frame to reduce the computational 

time and improve rate-distortion (RD) performance. The MVC exhaustively checks several 
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inter/intra modes to select the best mode for encoding. This procedure increases complexity 

multiple times compared to the uni-mode technique [77]. Though VSSVI technique requires 

additional computational time for learning, the overall time complexity for the MVC is comparable 

with that for existing techniques. All experiments were conducted on a dedicated desktop machine 

DELL OPTIPLEX 9020 (Intel Core i5-4690 CPU @ 3.50 GHz, 16 GB RAM and 250 GB HDD) 

running the 64-bit Windows 7 operating system. 

 

5.4 Summary  

A new view synthesis technique (i.e., VSSVI) has been proposed here, with the goal of 

improving the quality of the synthesised view by exploiting the temporal correlation of adjacent 

reference viewpoint videos and depth maps instead of the target viewpoint videos. The process of 

learning target viewpoint frames (Chapter 3 and Chapter 4) is not effective if a frame is the first 

incoming frame, or if the user switches view frequently. The main advantage of the proposed 

VSSVI technique is that it allows users to switch view instantly and frequently, allowing for 

smooth FVV viewing. Within the context of this technique, the GMM model’s history is utilised 

to generate McFISs of the reference viewpoint for both texture and depth. Then, both texture 

McFISs are warped into the target viewpoint and merged, after which a weighting factor is used 

to select the relative contributions of the merged McFIS and blended images generated from the 

original textures and depths. This technique provides accurate pixel correspondence, which 

improves by 0.63dB PSNR on average in comparison to the state-of-the-art IM technique. The 

learning of side view information requires additional computational time. However, due to the 

high similarity of the proposed VSSVI with the current view in MVC framework, the VSSVI 
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technique can skip the motion estimation phase. Therefore, in MVC application, the overall time 

complexity is comparable to that for the existing techniques. 
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Chapter 6 

Conclusion 

 

 

6.1 Summary of Research Findings 

All of the research undertaken in this thesis aims to develop an enhanced view synthesis 

technique for free viewpoint video (FVV) and multiview video coding (MVC) to provide users with 

a more realistic 3D viewing experience of a scene compared to the 2D video. The contributions 

are summarised as follows: 

Firstly, in Chapter 3, view synthesis based on three new hole-filling techniques was 

proposed in order to improve the quality of synthesised views. The techniques are: (i) background 

improvement (BI), (ii) weighted hole-filling using single view (WHFSV), and (iii) weighted hole-

filling using multiple views (WHFMV). These techniques involve the exploitation of temporal 

correlation in order to distinguish foreground and background pixels, especially at the boundary 

(foreground-background) areas. Inpainting and inverse mapping (IM) are the two most popular 

existing hole-filling techniques which rely on the exploitation of spatial correlations. However, 

they cannot distinguish background and foreground pixels at the perimeter between the 

foreground/background pixels, due to the low spatial correlations of these pixels. Background 

update (BU) is another existing well-known and effective technique which exploits temporal 

correlations in order to fill in the missing pixels in the background areas of an image. However, 

this technique suffers from quality degradation due to its dependency on inpainting, warping of a 
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static background image, clustering methods and depth errors. To address these issues, a Gaussian 

mixture modelling (GMM) technique is used in the proposed techniques in order to represent each 

pixel individually to distinguish background pixels from the foreground. The GMM model history 

provides more correlational data to fill the missing pixels compare to the static background frame 

which is usually used by the BU technique. Therefore, in the proposed techniques, the pixel 

intensity of the learned GMM models are utilised to fill in the missing pixels. 

Performance characteristics of the three proposed techniques are as follows: 

(i) In BI, a virtual view is created using adjacent reference textures and corresponding depth 

maps of a scene captured by two cameras at different angles. At first, these views are warped to 

the target viewpoint. Then, the pixel intensities of the warped images are blended in order to reduce 

holes created due to rounding errors and occlusion problems during the warping process. Available 

target viewpoint frames are then used to learned GMM to distinguish the foreground and 

background pixels by exploiting temporal correlations. Based on this foreground/background 

classification, the missing pixel intensities of the background pixels are recovered from the most 

common frame in a scene (McFIS) and the foreground pixels are selected from the blended image. 

This technique improves the subjective (i.e., visual outlook) and objective quality of the 

synthesised view (with a peak-signal-to-noise-ratio (PSNR) improvement of more than 5.0 dB 

compared to the existing state-of-the-art methods (selective hole-filling and IM technique) by 

using the pixel intensities of the correlated GMM models. Therefore, the BI technique provides 

good rendering quality. 

(ii) In WHFSV, a virtual image is generated from a texture, its corresponding depth map 

and camera parameters. This view is warped into the target viewpoint. Then, GMM is applied to 

the original images of the target viewpoint by assuming that previously-synthesised images are 
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already available for learning GMM. The proposed WHFSV technique uses a number of learned 

GMM models to identify both background and foreground pixels. The learned GMM models 

provide both background and foreground pixel intensities. In the proposed WHFSV technique, the 

missing background pixels are recovered from the McFIS, whereas the misses foreground pixels 

are recovered from the weighted average of the warped image and the McFIS. Thus, the proposed 

WHFSV technique is able to provide accurate pixel correspondences in both the background and 

foreground missing pixels in the synthesised view. WHFSV improves average PSNR by around 

2.72 dB and 1.40 dB in comparison to the related selective hole-filling and BU techniques 

respectively.  

(iii) The BI and WHFSV techniques can be used to improve quality in some occluded areas. 

However, with an increasing number of frames for learning GMM, the contribution of the 

background models declines, due to the content and the motion of the foreground. This process 

degrades the quality of the final synthesised view. Therefore, the WHFMV is proposed in order to 

improve the quality of the synthesised view relative to the BI and WHFSV techniques. In the 

WHFMV technique, adjacent texture images and their corresponding depth maps with associated 

camera parameters are taken as input (instead of only one, as in WHFSV), which is similar to the 

process involved in the BI technique. The missing background pixels are recovered from the 

McFIS. Similarly to the WHFSV, the missing foreground pixels are recovered from the weighted 

average of warped images and the McFIS. The working procedure for the WHFMV technique is 

the same as that for WHFSV, where GMM is also applied on the target viewpoint textures, rather 

than on the adjacent views, assuming that the previously-synthesised images of the target 

viewpoint are already available. The proposed WHFMV technique improves the average PSNR 

approximately 5.83 dB, 5.15 dB and 1.60 dB in comparison to the standard view synthesis 
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reference software (VSRS), selective hole-filling and BU techniques respectively. To asses the 

effectiveness of the WHFMV technique, motion estimation is applied with the synthesised image 

and immediately previous frame of the current view within the MVC framework; this improves 

PSNR approximately 0.70 dB on average in comparison to the conventional three-reference 

technique in 3D-high-efficiency video coding (3D-HEVC). 

Secondly (Chapter 4), the weighting factor does not vary with time for the WHFSV and 

WHFMV techniques, in order to accommodate changes due to a dynamic background/foreground 

and motions of the moving objects an adaptive weighted average hole-filling (AWAHF) technique 

was proposed. In the AWAHF technique, synthesised views are generated using adjacent texture 

images, their corresponding depth maps and camera parameters. Then, the original frame of the 

target viewpoint is used for learning GMM to exploit temporal correlations.  Then, the synthesised 

frame is also used to learned GMM to see the effectiveness of the proposed technique. After that, 

based on the number of models, each pixel is classified as a foreground or background pixel. The 

missing pixels are recovered using the adaptively weighted average of the pixel intensities from 

the corresponding GMM model(s) and warped images. The value of the adaptive weighting factor 

varies from 0 to 1; this ensures that if a video contains larger moving objects, a larger contribution 

comes from warped images compared to the GMM models for quality view synthesis. This process 

also helps to reset the pixel modeling after certain intervals, in order to balance the contribution 

between the learned GMM models and warped images, if the contribution the learned models drops 

significantly due to the moving background or motion of the foreground. Therefore, the proposed 

technique is able to enhance PSNR by approximately 9.72 dB, 7.32 dB and 6.51 dB in comparison 

to the standard VSRS, inpainting and BU techniques respectively. 
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Moreover, for MVC, encoding the current frame using two- and four- reference frames 

have been proposed in this thesis based on the proposed view synthesis technique in order to 

improve rate-distortion (RD) performance and computational complexity. The upgrade in quality 

is due to the generated reference frames having very similar content with the current frame 

compared to the existing three-reference frames. Thus, the proposed view synthesis with extra 

reference frames is capable of improving the PSNR by 0.73 dB on average, compared to the 

conventional three reference frames. Similarly, two references proposed technique provides 0.68 

dB of image quality improvement over the existing MVC technique. Moreover, the performances 

of the four-reference and two-reference techniques provide gains of 1.07 dB and 0.88 dB 

Bjøntegaard-Delta PSNR (BD-PSNR), while the Bjøntegaard-Delta Bit Rate (BD-BR) decreases 

by 29.68% and 26.06% on average respectively compared to the conventional three-reference 

technique. The proposed methods outperform the three-reference technique for all video sequences 

in terms of both improving the BD-PSNR and reducing the BD-BR. 

Furthermore, the proposed two-reference technique skips disparity estimation and reduces 

overall time complexity for MVC by 28.95% compared to the three-reference technique.  The four-

reference technique requires 18.42% more computational time compared to the three-reference 

technique and 47% more computational time compared to the two-reference technique. Thus, the 

four-reference technique is recommended for scenarios where the video sequences have camera 

motions, but there is no concern for computational time requirements. Otherwise, the two-

reference technique can be used for MVC. 

Thirdly (Chapter 5), proposed all of the above hole-filling techniques (Chapter 3 and 

Chapter 4) assume that previously-synthesised images of the target viewpoint are already available 

for learning GMM. However, this process is not effective if a frame is the first incoming frame, if 
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there is an instant change of view or if the view is switched frequently by the user. To address this 

issue, view synthesis using side view information (VSSVI) technique was proposed. This technique 

exploits the temporal correlation of the side view textures and their corresponding depth maps. It 

utilises pixel intensities of the side views GMM model(s) to recover missing pixels in the 

synthesised view. In this process, a weighting factor is used to balance the contribution of the 

learned models and the warped images. This technique is able to provide accurate pixel 

correspondence by providing highly correlated pixels intensities from the side views, which 

improves the average PSNR by 6.89 dB, 5.47 dB, 2.76 dB and 0.63 dB in comparison to the 

standard VSRS, inpainting, BU and IM techniques respectively. The main advantage of this 

technique is that it allows users to switch view instantly and frequently, for smooth FVV viewing.  

The total contribution improves the view synthesis quality significantly compared to the 

existing state-of-the-art methods, which holds the potential to enhance the applications of virtual 

view synthesis techniques in professional training, sports, computer games, 3D-TV, free viewpoint 

television (FTV) and so on.  

The contributions of this thesis are the five proposed hole-filling techniques by exploiting 

temporal correlations to enhance view synthesis for FVV. Moreover, two new MVC frameworks, 

i.e., four- and two-reference frames are proposed using the synthesised view, focusing on improved 

RD performance and reduced computational time for MVC. Some contributions of this thesis have 

already been published in two different reputed journals including IEEE Transactions on Image 

Processing (Core Rank A*) and seven conference proceedings (Core Rank B), which are described 

in Section 1.7. 
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6.2 Future Research Directions 

The proposed techniques improve the quality of the synthesised view significantly. 

However, there is a need to explore other potential real-world applications where further research 

could be conducted. For example:   

(i) The popularity of 3D applications, such as FTV, creates new challenges in 

transmitting a large amount of video data to the encoder. To reduce transmission 

bandwidth, the decoder usually generated virtual viewpoint video from the 

available reference views. However, assessing the quality of the synthesised views 

is very challenging, because the original target viewpoint video data are not 

available at both the encoder and decoder sides. Therefore, a new no-reference 

quality assessment model needs to be investigated, using the proposed view-

synthesised techniques. 

(ii) Virtual reality (VR) is a technology used to create an imaginary environment 

through computer simulation. For VR or 360-degree view navigation, an 

omnidirectional camera (i.e., 360-degree camera or multiview video (MVV) camera 

arrangement) is used to capture a scene from every possible angle. Sometimes, a 

subset of cameras instead of a large number of differently-angled cameras is used 

to avoid transmission, processing and equipment costs. Thus, a view synthesis 

technique can be applied to the available views to create additional views, allowing 

for smooth navigation for VR applications. 
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(iii) Though static cameras are commonly considered for FVV and MVC, in some cases 

moving cameras (e.g., telecast cricket matches) are also important. Therefore, a 

suitable view synthesised technique needs to be proposed to cope with camera 

movement. 

(iv) To improve RD performance and computational complexity, new coding 

techniques using a synthesised view need to be explored in future.
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