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Abstract 

The exploration of virtual environments in wireless mobile media devices has attracted 

the attention of researchers and developers mainly due to its potential applications in 

a variety of areas including entertainment, training, security, e-learning, etc. However, 

current technology of mobile devices lack the proper resources to handle complex and 

realistic 3D virtual environments. There has been a number of proposed ideas to solve 

this issue. The existing approaches use techniques that either employ limited user navi­

gation modes or do not perform satisfactorily for interactive applications. In this thesis, 

we propose a newr protocol that offers the user a richer navigation by pre-streaming the 

necessary imagery data to generate new views as the user wanders within the 3D envi­

ronment. We introduce the idea of key partial panoramas, i.e., panorama segments that 

cover movements in any direction by simply strafing from an appropriate key partial 

panorama and streaming the amount of lost pixels. We have implemented our ideas and 

evaluated it against two well-known approaches. Experimental results show that our 

solution outperforms the selected approaches by minimizing the delay between image 

updates and by allowing a more complex navigation scheme than previous works. 
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Chapter 1 

Introduction 

Multimedia communication for wireless mobile devices is in the spotlight nowadays 

mainly due to the advances we have witnessed in wireless technologies. Network speeds 

in general have been rapidly growing and wireless networks is not an exception. To­

day's mobile computing devices posses more powerful hardware too, enabling them to do 

things that were not possible a few years ago. The role of mobile devices is expanding 

largely in our world and it is expected that a^ th ing can be accessed and done using 

mobile devices. Streaming and sharing different kinds of content such as pictures, docu­

ments, and videos have become more popular than ever. The idea of immersing multiple 

avatars in a 3D world where each avatar simply uses a mobile phone or a light weight 

PDA has become possible with the evolution of todays technologies in terms of mobile 

computing and computer networks. Although we have witnessed significant hardware 

advances, mobile devices still lack the proper resources to render complex and realistic 

3D virtual environments at interactive frame rates. Image-Based Rendering (IBR) is an 

approach that alleviates the complexity problem of virtual environments in constrained 

mobile devices. In IBR, images are used as the source for a scene renderer, thereby the 

processing task does not depend on the scene complexity, but on the image size only. 

IBR techniques can be combined with remote 3D rendering, i.e., the 3D rendering task 

is delegated to a server that renders and simply sends images to the client that displays 

1 



Introduction 2 

the image, in order to provide mobile devices with complex virtual environment applica­

tions. At its very primitive form, this hybrid approach usually wastes bandwidth, since 

streaming images for every frame is costly and results in network jitter and compromises 

the interactive experience. Several enhancements were proposed in previous works that 

tried to solve this problem. However, proposed navigation schemes in these works are 

very simplistic, limiting navigation and user interactivity. 

Several applications are envisioned, for instance, remote exploration of touristic lo­

cations, virtual training, entertainment, and emergency preparedness and response, in 

which the first responder could wear a head mounted display that displays a virtual rep­

resentation of a target area and is connected to a control center server which updates the 

responder's view as he/she changes position or as events occur. Augmented information 

about the target can be collected and displayed to the responders, giving them more 

information that helps them accomplish their missions. 

There are many challenges to displaying 3D virtual environments to simultaneously 

connected mobile devices users. The system's response has to be quick to provide users 

with requested scenes, this is a realtime requirement that if failed to deliver, interactivity 

would be lost. Another challenge is the network load when large number of users are con­

nected and accessing the system. Obviously, the network is the most constrained resource 

in this application. When the network is heavily loaded, response times are expected 

to increase. In addition, mobile device users should be granted an advanced navigation 

scheme to better explore the environment. Limiting navigation options and using sim­

plistic movement due to constrained resources negatively impacts user's experience with 

the 3D environment and demolishes the point of using mobile devices to access remote 

3D virtual environments. Any proposed solution has to consider these challenges in its 

design and try to find ways to overcome them or at least minimize system's dependency 

on them. 

In this thesis, we discuss some techniques and propose protocols that allow for more 

complex user navigation mimicking real human movement, and therefore can be applied 
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to highly interactive applications of this idea such as emergency preparedness mentioned 

above. Another extremely important factor is that the new proposed protocol delivers 

requested scenes to the client more quickly than existing solutions; it lifts some of the load 

of the network and moves it to the mobile device. The mobile device is given information 

that can be used to generate next requested views or at least a major part of them. This 

minimizes delay times and dependency on the network and therefore provides a more 

interactive and realistic virtual environment to the mobile device user. 

The proposed scheme is based on a client-server architecture. The server maintains 

the 3D virtual environment and its states as well as user's status. Mobile devices clients 

communicate with the server informing it of events they encounter. The server handles 

the rendering of new scenes and sends them to the client. We use panoramic views at 

the client. A panorama is an image that captures all the views from a certain position 

in the 3D environment, enabling the user to look freely from that position. Our scheme 

does not send full panoramas that cover all views since most of the time, users will not 

need to use the entire view at a position. Instead it sends parts of the views predicted 

to be used by the client. 

The proposed protocol takes advantage of IBR techniques that allow the client to 

generate new views from the existing view the client currently has. Using very simple 

but yet effective trigonometry, a special movement called strafe where the user moves 

horizontally with out rotating can be generated from the client's current view. Most of 

the new scene can be locally generated at the client and thereby minimizing the delay 

between image updates at the client end. 

This efficient solution of the strafe movement is generalized by the protocol to include 

any movement type. Yes any movement in any direction. By using a set of key images 

positioned carefully around the user's position, these key images are used as strafe move­

ment sources. Any movement can be generated by strafing from the appropriate key 

image. This simplifies the task of predicting user's future movements. For complex nav­

igation patterns, existing solutions that rely on basic movements and send all possible 
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next views is simply not feasible to apply since the number of possibilities is huge in the 

new navigation scheme. By grouping movements in different directions under a certain 

key image we can predict user movement in those directions by sending a key image that 

generates scenes for these positions if the user navigates there. 

Using these techniques, the mobile device is not completely bound to network and 

server delays once it needs new scenes. It can locally generate next scenes or in worst case 

most of them and hence minimize network load and dependency and promote response 

times. Our techniques simply outperform existing solutions by caching images predicted 

to be used in future user movements either directly or as sources to generate these future 

views on the client mobile device. 

In this thesis, we developed a virtual environment streaming system that incorporates 

a server and mobile clients. Our proposed protocol was implemented and compared 

against two other protocols that most of the existing solutions we found in the literature 

fit into. Results prove that the new idea outperforms the existing solution and promises 

for more interactive experiences and to enable more complex applications to be used on 

mobile devices in the future. 

1.1 Motivations 

The most important motivation of this thesis is to enable the exploration of complex and 

compelling 3D virtual environments on mobile devices. Providing an efficient streaming 

solution would open the door to many advanced applications that can be extended to 

be used on mobile devices. This is our vision in this thesis. Other motivations include 

that current solutions we found in the literature do not offer mobile device users with 

free movement patterns which limits interactivity and consequently limits applications in 

high need of such complex navigation. Slow response times that do not allow interactive 

frame rates also motivated us to develop a solution that performs faster and tries to 

achieve interactive frame rates. Lack of prediction of complex movements also inspired 
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us to research and find ways of predicting future needed views and make them available 

on the mobile client prior to needing them in order to boost the system's performance. 

1.2 Objectives 

The objectives of this thesis are listed below: 

1. Develop a technique that enables 3D environment exploration on mobile devices at 

interactive rates. 

2. Investigate and design a mechanism that provides mobile device users with complex 

movement options that mimic real life movement of a human and found in 3D games 

that run on stand-alone computers. 

3. Develop a prediction scheme that predicts future user movements for this complex 

movement pattern and make them available on the mobile client prior to needing 

them. 

4. The proposed system should relieve the mobile client from totally depending on 

the network and server processing delays when new scenes are required and thereby 

providing a more scalable streaming system and more independent mobile devices. 

1.3 Contributions 

During the course of work in this thesis, we have achieved the following contributions: 

1. Developed and implemented a virtual environment streaming system that supports 

multiple streaming protocols and simultaneously connected mobile devices, and 

uses different network protocols such as TCP and UDP. 

2. Developed a new virtual environment streaming protocol, called partial panoramic 

prediction protocol (PPP) which allows complex navigation of the environment 
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and outperform existing ideas. It mainly relies on predicting user movements and 

caching it on the client in advance. The new protocol is also adaptive to user 

movements unlike existing ones which only react to user movement. It learns from 

user movements and changes its parameters to suit the user's movement pattern 

and improve performance. (PPP) protocol includes new ideas to achieve that which 

are listed below: 

(a) Partial panoramas: save the streaming of unnecessary data and is used to 

predict views at the current position that will be most likely used. 

(b) strafe movement streaming: an efficient method to generate new scenes for a 

strafe movement from the existing view on the client. 

(c) Key partial panoramas: carefully positioned set of partial panoramas used as 

sources of strafes to generate scenes to any movement the user might take. 

(d) Depth compression: an indexing idea that compresses pixel depths and par­

ticipates in improving the performance of the protocol. 

3. Developed and implemented two streaming protocols that most existing solutions 

fall into. These protocols are the image response (IR) and panorama on demand 

(POD). IR protocol sends images of new views once requested and POD protocol 

sends a complete panorama for each position the client visits. 

4. A comprehensive and analytical study of existing virtual environment streaming 

techniques. 

1.4 Organization 

The remainder of this thesis is organized as follows: 

« Chapter 2: Background and Related Work. 

This chapter introduces the reader to background information necessary to under-
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stand the scope of this thesis and the current state of the research in this topic. 

Distributed virtual environment techniques including image-based rendering and 

other approaches are described. More emphasis is put onto the IBR model and its 

different rendering algorithms. Panoramas and their different types are described 

in depth. Remote rendering frameworks and bandwidth saving ideas are explained 

next. Finally, a review of existing image-based rendering solutions for wireless 

mobile devices is provided and each idea is analyzed and criticized. 

• Chapter 3: Architecture and Design of the Virtual Environment Remote 

Streaming System. 

This chapter describes the architecture and design of the 3D environment streaming 

system we developed. It identifies the architecture of the system and how the server 

and mobile client interact together. The software components of the server and 

the mobile client and how they collaborate together are then thoroughly explained. 

Aspects such as network and messaging implementation details and protocol design 

are discussed as well. 

• Chapter 4: Image Response and Panorama on Demand Streaming Pro­

tocols. 

This chapter explains two categories of virtual environment streaming solutions. 

Image response (IR) and panorama on demand (POD). Most of the existing IBR 

solutions can be grouped under these two protocols. These protocol's details and 

our implementation are then explained. Furthermore, the protocols' behavior is 

analyzed; strengths and weaknesses of each is identified as we set our motivation 

for the new protocol, PPP . 

» Chapter 5: Partial Panorama Prediction Virtual Environment Stream­

ing Protocol. 

This chapter introduces the new proposed streaming protocol, PPP . It sets the 

objectives of the protocol and defines the movement scheme users are offered under 
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this streaming protocol. The ideas of partial panoramas, minimum rotation cover­

age, strafing, key partial panoramas are then explained in great detail. Then the 

protocol is formalized, server and client algorithms are formally written. Lastly, 

our implementation of the protocol is explained, details of the new ideas such as 

partial panorama implementation, depth compression and types of panoramas used 

are described. The chapter concludes with the current implementation status and 

limitations. 

• Chapter 6: Performance Evaluation. 

This chapter presents the experiments we conducted on the protocols we devel­

oped. First, hardware and software configuration is specified. Then, experiments 

scenarios and their factors are explained as well as the metrics used to measure 

the protocols. We developed a special testing framework to execute the tests, this 

framework is explained too. Results of the experiments are then shown for many 

different scenarios. We comment and analyze the results and identify limitations 

and problems in the protocols and their implementations. 

• Chapter 7: Conclusions. 

This chapter summarizes what has been done in this thesis and identifies what has 

been accomplished, what problems still exist, and sets future research directions. 

» Appendix A: Demo Application. 

An emergency preparedness application built on top of the virtiial environment 

streaming system developed in this thesis is presented as a sample application of 

the ideas we developed. 



Chapter 2 

Background and Related Work 

In this chapter, we introduce the reader to background information concerning remote 

3D virtual environment navigation and explain existing approaches and solutions that 

try to tackle this topic. In section 2.1, we talk about media streaming in general over 

wireless networks and its different issues. We differentiate between interactive and non 

interactive media and show that streaming interactive media, where the user participates 

in its progress and flow, is more difficult and requires different solutions to be employed. 

Section 2.2 describes networked 3D virtual environments and existing approaches that 

stream these environments to a remote client. We compare between these approaches 

and judge their suitability for use on light weight mobile devices. We then expand on the 

image-based model and show its existing techniques; more emphasizing on a particular 

IBR technique, panoramas. We shall define what a panorama is and what it is used for 

as well as its different formats and compare between them. Sections 2.3 and 2.4 show 

existing remote rendering frameworks and techniques used to minimize VE streaming. 

In section 2.5, we discuss existing IBR approaches that try to solve the problem of 

displaying a 3D virtual environment on mobile devices which we found in the literature. 

In section 2.6, we compare between these approaches and identify their advantages and 

shortcomings. We set our motivation in this thesis based on the current difficulties and 

limitations found in existing approaches and strive to solve them. 

9 
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2.1 Multimedia Streaming over Wireless Networks 

There are two factors involved in streaming multimedia; the network medium on which 

the media is transmitted and the type of the media itself. Different types of media and 

networks require different ways to deal with their streaming. 

The nature of the transmission medium imposes new issues and challenges to be dealt 

with. Wireless networks have different characteristics from wired ones. Their bandwidth 

is more limited and time varying and they siiffer from high error rates and interference 

which cause packet losses. These issues have lead to solutions specifically tailored for 

wireless networks. To solve the problem of packet loss in wireless networks; error control 

mechanisms were developed. For example, Forward error correction (FEC) duplicates 

important data in order to be used on the client to recover from errors. Another form is 

to make the receiver notify the sender of lost packets to resend them. 

Multimedia such as video, require high bandwidth. Therefore, bandwidth utilization 

has to be maximized to provide a better quality of service. Rate control mechanisms 

were introduced to achieve this requirement. The Transport Control Protocol (TCP) 

[63] is designed for reliable data transmission over wired networks. TCP is not suitable 

to be used in wireless networks however because of its congestion control mechanism. 

TCP recovers from congestion by decreasing transmission rate to 50% which affects 

the bandwidth utilization and therefore makes TCP unsuitable for continuous media 

streaming. The User Datagram, Protocol (UDP) was designed to support continuous 

multimedia streaming but does not implement any rate control mechanism. Real-time 

Transport Protocol (RTP) [64] and its control protocol (RTCP) aim to support continuous 

media transmission but does not guarantee quality of service. TCP Friendly Rate Control 

Protocol (TFRC) [65, 66] is widely used for wired networks to handle congestions. 

However, rate control on wireless networks is a different matter. The task of a rate 

control protocol is to reduce the transmission rate in case of packet losses in the network 

due to congestion. In wireless networks, packets might be lost due to congestion or due 
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to wireless problems such as interference. In the later case, the solutions designed for 

wired networks are unable to determine the reason of the packet loss and assumes it is 

due to congestion. Therefore, sending rate is reduced when it should not, and streaming 

performance decreases. Therefore, a way of differentiating the cause of the loss has to be 

incorporated into the rate control mechanism. Several Loss Differentiation Algorithms 

(LDAs) exist in the literature, such as: Biaz [67], mBiaz [68], Statistical Packet Loss 

Discrimination (SPLD) [69], and Packet Loss Classification (PLC) [70]. 

Concerning the media factor, we can divide multimedia, into two broad categories: 

interactive and non-interactive. Non interactive media is linear and continuous; meaning 

that it does not involve any user control. The media to be streamed is always fixed and 

known in advance. Obvious examples are video, music, images and simple text. On the 

other hand, interactive multimedia enables the user to interact with the flow of the media 

and therefore is non-deterministic. Navigating virtual environments is a good example 

of this category. The user can navigate within the environment, therefore affecting the 

media to be streamed. 

Streaming non-interactive media such as videos is predictable. The sequence of the 

frames is known in advance and is always constant. Therefore streaming protocols de­

signed for such media can use buffers on the client to accumulate frames to avoid jitter 

during playback since the server already knows the data to be streamed. These schedul­

ing and buffering techniques can not be used with interactive media such as interactive 

virtual environments however, since the server can not perfectly predict where the user 

will navigate in the environment. This task is not as trivial as transmitting constant 

video frames. Some solutions limit the user's navigation capabilities in the environment 

to a very basic movement scheme so that it can gather all the possible points the user 

might navigate to from his current location, and stream them in advance to the recipient. 

The nature of the client that will receive the virtual environment scenes is very 

important as well. Mobile clients such as PDAs, smart phones or head mounted displays 

(HMDs) possess low processing capabilities, small storage and primitive 3D graphics 
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accelerators. Consequently, only simple 3D scenes can be run on these clients. The 

format of the transmitted scenes therefore is crucial to enabling these clients to display 

visually rich scenes. 

In this thesis, we do not concentrate on solving wireless networks issues discussed 

above such as rate control or error control. We strive to find ideas that enable the pre­

diction of user's navigation in a virtual environment given a complex navigation scheme, 

and stream predicted scenes efficiently and in advance to a mobile client. Therefore 

reducing delay times, minimizing network jitter and providing more complex navigation. 

Another goal is to stream these scenes in a format that isolates the complexity of the 

virtual environment from the mobile client. Thereby, enabling mobile devices to navigate 

visually complex 3D virtual environments that normally can not be run on the mobile 

device due to its small processing and graphical power. 

In the next section, we discuss different ways used to stream virtual environment 

scenes and determine which among them is more suitable for use on the light weight 

mobile device. 

2.2 Networked 3D Virtual Environments Streaming 

Approaches 

There are many applications that require a 3D virtual environment to be shared over 

a network. These applications include but are not limited to: remote walk-throughs; 

where a remote user navigates the virtual environment, networked games played online 

or on a local area network (LAN); where each player interacts with the environment and 

other players, and collaborative virtual environments that simulate a real world scenario 

and used for training for example. Enabling remote clients to access and interact with a 

virtual environment residing on a server requires that the servers and clients use a com­

mon format to represent scenes in the virtual environment [2, 3, 4]. We can assume that 

the most constrained resource in a networked 3D virtual environment is the network it-
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self. Network transmission rates are considerably slower than CPU processing speeds and 

graphics processing units (GPUs) optimized rendering capabilities. Therefore, virtual en­

vironment streaming solutions have to focus on minimizing bandwidth consumption as 

much as possible without compromising the quality of the scenes delivered to the client. 

Another factor to be considered in the case of mobile clients is their low processing and 

graphics rendering power. Streaming solutions have to stream the virtual environment 

in a format which is easy to render on the client given its constrained resources. Down­

loading 3D models to a client depends on the size of the model and the bandwidth of the 

network. Today's realistic 3D models are made of hundreds of thousands of vertices and 

a not inconsiderable number of textures images. Therefore rendering a complex virtual 

environment on a mobile device is not a straight forward process. The literature includes 

a number of distributed graphics models, among them we discuss: geometry replication, 

progressive meshes, impostors and the image-based model. 

2.2.1 Geometry Replication 

In this approach, a copy of the 3D models' geometry is stored on the client in order to be 

rendered by the local client hardware. The geometry can either be stored on a persistent 

storage media on the client such as hard disks or optical drives as done by computer 

games like DOOM 3 [5] and GTR [6], or downloaded from the server once the client 

needs it, such as VRML [27] browsers. Multi-player games store the geometry locally on 

each client. The client performs all 3D rendering. Only events related to the game state 

are spread across the network to ensure game consistency among all client machines. For 

example, when a player shoots another player; all players: the shooter, the deceased and 

the witnesses have to be updated and informed about what happened. If we try to apply 

this technique to our case of interest: a low bandwidth wireless network and light weight 

mobile clients, we will find that this technique is simply infeasible. Firstly, the size of 

realistic 3D models is large and takes long times to download. This is unacceptable in 

cases where the client performs an action, i.e. move or shoot, and expects to see the result 
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in real time. This process has to be repeated frequently, at arbitrary times, and under 

a realtime constraint. Assuming that we tolerate this problem; mobile clients are still 

unable to render the received 3D models in the same quality as rendered by a dedicated 

server. Therefore, this technique does not well suit exploration of large, continuous and 

complex virtual worlds. 

2.2.2 Progressive Meshes 

Progressive meshes store the simplest representation of a model alongside detail records 

used to incrementally render the simple mesh exactly as the original mesh model [7, 8, 9, 

10]. A low polygon version of the original 3D model is first streamed, then instructions 

on how to create more complex representations are progressively streamed. Figure 2.1 

depicts this process. The mesh is enhanced from 171 faces progressively to its original 

10056 faces. This technique allows progressive streaming of the model which enables 

the client to view the model earlier -in lower quality- and progressively refine the model 

until it is restored to its original quality. On the downside, progressive mesh generation 

is complex and takes long times. In addition, the 3D model to be streamed has to fit 

entirely into the memory of the mobile client. This means that large and complex 3D 

models can not be streamed to mobile devices using this technique. 

Figure 2.1: Progressive mesh representation. 
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2.2.3 Impostors 

Impostors illude their viewer that he/she is seeing a complex 3D model although actually 

they see a simple shape wrapped with the appropriate image. In this technique, the server 

renders the complex 3D model into an image which is sent to the client. The client then 

texture map this image to a simple shape such as a plane or a box [11, 12, 13, 14]. Figure 

2.2 shows how impostors work. A complex 3D model is replaced by a simple texture 

mapped polygon facing the viewer that cannot be distinguished from the original object 

from the proper viewpoint. Since rendering a simple object such as a plane or a box 

is much faster than rendering the actual complex 3D model, impostors can be used to 

render objects that are far from the user's sight. This results in faster rendering times 

and lower bandwidth usage, since the size of an impostor is considerably less than an 

actual 3D model. This technique is not as good for objects close to the user, since the 

user can notice the lack of depth in the impostor. Another point is that if the user 

changes his viewpoint, i.e. rotates or moves, a new impostor relative to the updated 

viewpoint has to be streamed to the client. 

Figure 2.2: Left: original 3D object. Right: texture mapped impostor object. 

2.2.4 Image-based Model 

Realistic 3D models are rather large in size making them unsuitable for low bandwidth 

networks. Their rendering is heavy and require computers with powerful specifications, 

and therefore, light-weight mobile devices can not render them. The image-based model 
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maneuvers these difficulties by representing the virtual environment using images instead 

of geometry. In image-based rendering (IBR), the server - equipped with powerful ren­

dering hardware - takes care of the rendering task. The server sends resultant images to 

the client which displays the image. This concept is sometimes called Remote Rendering. 

The client's task has transformed from rendering the complex geometry into simply dis­

playing received images. This task is much simpler and its use is practically supported 

on today's mobile devices. 

There exist many IBR techniques that use a set of reference images to construct 

intermediate views. These techniques can be used on the client to avoid long waiting 

times for new images. Images in the local client cache can be used to generate the new 

views or at least a portion of them until new reference images arrive from the server. IBR 

can render photo-realistic scenes from the virtual environment that does not depend on 

the complexity of the scene. Geometry-based rendering (GBR) [15] on the other hand, 

relies on projections and 3D mathematics to render the virtual environment, which makes 

it dependent on the complexity of the scene in terms of the number of vertices, texture 

map quality, lights, shading effects and so on. Therefore, only powerful computers can 

render complex virtual environment in realtime using GBR. IBR however, depends on the 

size of the reference images which eliminates the complexity of the virtual environment 

from being a factor in its use, and thus effectively allows low end computers such as 

mobile devices to display the most complex of virtual environments that were practically 

impossible to render using GBR. All IBR techniques are based on the plenoptic function 

introduced by Adelson and Bergen [16]. In their work, the world can be seen as a set of 

light rays filling the space that can be seen by eyes or cameras. The plenoptic function 

represents these rays. The plenoptic function P((i>,8,\,t,Vx,Vy,Vz), is a 7D function 

with an eye or a camera at all possible positions in the world (Vx, Vy, Vz) that records 

the intensity of the light rays passing through the center of the camera at ever)'- possible 

angle (<f), 6), for every wavelength A, at every time t. 

In their survey on image-based rendering techniques [28], authors categorize IBR 
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techniques according to the intensity of geometry used into the following categories: 

rendering without geometry, rendering with implicit geometry and rendering with explicit 

geometry. All of these techniques implement the plenoptic function or a subset of it given 

some restrictions on the camera's movement. Examples of techniques that do not use 

geometry in rendering are lightfield and lumigraph [17, 18] which are 4D subfunctions of 

the Plenoptic function that assume that the scene is static. Such representations have a 

large amount of data and high computational complexity. The image acquisition systems 

for these representations are generally complex camera arrays, such as the Carnegie 

Mellon mobile camera array [19] and the Stanford multi-camera array [20]. 

Rendering with implicit geometry uses a number of images taken at correspondent 

positions to generate new views. No direct 3D information is included in this model; 

only information gathered from the reference pictures positions is used to render new 

views. In the view interpolation technique [29], new views can be generated from two 

reference images. The position of the reference images greatly impacts the quality of the 

resulting views. The view morphing algorithm [30] generates arbitrary viewpoints on the 

line between the optical centers of two reference images. 

Techniques with explicit geometry use 3D information linked with images such as 

pixel depths and coordinates. In his thesis [31], McMillan introduced the 3D warping 

technique. Provided that the depth of each pixel in input images is known and given a 

viewing matrix for input images and the new images; pixels from the input image can 

be projected into 3D positions using the input image viewing matrix and pixel depths 

and re-projected back to the new image according to its viewing matrix. This method 

usually generates holes in the output image, techniques such as drawing each pixel as a 

circle rather than a pixel or splatting [32, 33] can be used to fix this problem. Another 

problem is occlusion caused by views visible from the new image that where not visible 

in the input image. Layered depth images (LDI) [34] was proposed to solve this problem 

by encoding a list of depth and color values into each pixel in the input image so that 

new visible points which where hidden in the input images can be fetched from this list. 
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More advanced techniques such as LDI trees where proposed to better solve the occlusion 

problem as well. 

All the aforementioned techniques try to generate intermediate views from a set of 

input images. For the purposes of this thesis, we will be using panoramas to render views 

in any direction from a certain point and incorporate some geometrical information into 

the panorama representation we use. This information will be vital for generating new 

views the user of the virtual environment might navigate to. This will be explained 

in details later in this thesis when we propose the new virtual environment streaming 

protocol. Panoramas are explained next in detail. 

P a n o r a m a s 

The plenotpic function represents real world views, the user can be at any position, look 

anywhere, any time and in any lighting conditions. In virtual environments however, 

the user experience is more limited, depending on the application and the available 

hardware. Subfunctions of the 7D plenoptic function are used to constrain the viewing 

space. For example, if we assume the light is constant, then A can be omitted and we 

get a 6D plenoptic subfunction. If user movement is limited to a single plane, then 

the plenoptic function can then be reduced by one dimension making the viewing space 

2D. Assuming that the user does not move, panoramic images can be constructed by 

horizontally rotating a camera in a certain point in the world. 

In [25], a panorama is defined as any wide view of a physical space. A panorama 

captures visible view from a point in space in all directions. A panoramic image is 

normally projected on a 3D shape to give the user the illusion of seeing new views. 

Types of shapes used today include spheres, cylinders and cubes. Figure 2.3 shows an 

unwrapped cylindrical panorama to a flat image. Panoramic images are now popular 3D 

IBR representations due to QuickTime VR [21] and others [22, 23]. Spherical panoramas 

cover 360 degrees horizontally vertically. This enables the user to look any where from 

where he is standing. The disadvantages of this type of panoramas are that it creates 
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distortions in the image and that it is inefficient to render since it requires multiple 

rendering passes. Cubic panorama is another IBR representation where a panorama 

captures 360° field of view horizontally and vertically, and stores the result in six faces of 

a cube. This is a type of projection for mapping a portion of the surface of a sphere (or 

the whole sphere) to flat images. Four cube faces cover front, right, back and left, one 

the top and one the base, each of them having 90° x 90° field of view. Panoramic images 

in the cubic projection are commonly used as the image source by several spherical 

panorama viewers such as [21]. Cubic panoramas generation is more efficient and is 

supported by most of today's standard graphics cards [26]. Figure 2.4 shows unwrapped 

cubic panorama faces. 
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Figure 2.3: Unwrapped cylindrical panorama 

Figure 2.4: Unwrapped cubic panorama. 
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2.3 Remote Rendering Frameworks 

Several remote rendering systems and frameworks have been developed. A very simple 

form of remote rendering is remote desktop applications, such as Virtual Network Com­

puting (VNC) [36] or Microsoft Remote Desktop. In VNC, a system that runs a VNC 

server sends images captured from its screen to remote clients. The client triggers the 

updates by using the mouse or the keyboard. These input events are detected and sent 

to the VNC server which duplicates them locally and sends the resulting images back to 

the client. Chromium [37] is another remote rendering framework. It uses a modified im­

plementation of OpenGL [72] that enables applications to use functions for parallel and 

cluster graphics rendering. Chromium intercepts the application's OpenGL calls sends 

them for rendering to a graph of processing nodes. The resulting images are sent to a 

remote client for display. In [38], the server renders the virtual environment as a movie 

which is then sent to mobile clients. This solution does not allow user interaction with 

the environment. In the system presented in [39], the client uses a web browser to display 

the remote 3D virtual environment. Authors state that they provide better frame rates 

using IBR methods. The system in [40] combines the processing power of the clients and 

the server. The client only renders 2D line primitives which have been generated on the 

server and derived from arbitrary 3D scenes. In [41], the authors developed a remote 

control interface for SGFs Open Inventor [42] applications. Compressed images are sent 

from the server to a Java-based client. The client sends events through CORBA [71] 

requests. 

2.4 Virtual Environment Streaming Techniques to 

Reduce Network Load 

Several techniques have been developed to handle network bottlenecks in distributed vir­

tual environments. Virtual environment streaming requires a large amount of geometry 
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and high resolution textures to be transmitted in realtime. Area of interest. (AOI)[43] 

also known as region of interest (ROI), is one of the most popular techniques used to 

reduce the network load of networked virtual environments. AOI tries to reduce the 

amount of data processed and streamed across the network by ruling out data that is 

not interesting to the user at an instance of time. Usually a user interacts within a small 

area of the virtual environment, which is called the host area of interest. If only objects 

in that area are processed and streamed to the client, a significant amount of processing 

time and network load can be saved. Objects and areas that are far from the user's 

viewpoint are assigned lower priorities for rendering and streaming. 

The filtering technique presented in an AOI-based approach can be given by the 

distance to the viewer or by visibility. In the first technique, the virtual environment is 

divided into regions. The user receives only objects that are positioned in immediately 

adjacent regions. Objects constantly send updates to the region in which they are located 

which allows the hosts in that area to be notified when an object moves [44]. In the 

other technique, information is filtered by visibility to the user, which saves processing 

and network bandwidth by only streaming updates of objects that, are within the user's 

field of view. The visibility can either be predetermined [45], or specified by a camera or 

view frustum. 

The AOI technique can be accompanied by another technique called multi-resolution 

or view dependent simplification [73]. The work in [74] for example, proposes a client-

server system where only geometry that is visible to the client is extracted and sent to 

the client. The client receives the geometry and renders it using a specialized embedded 

system version of OpenGL, OpenGL ES [75]. View dependent simplification changes 

the resolution of 3D models depending on factors such as the user's location, manner of 

navigation, illumination and the scene's rate of change. The 3D models are constantly 

converted to the right level of detail according to how these parameters change. This 

technique however increases the size of the 3D models and require the whole model to be 

stored in the main memory. For 3D models larger than the mobile client's main memory, 
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solutions such as external memory, also called out-of-core [76] stores the geometry on 

the disk. This can lead to serious performance hits since disk access speed is very slow 

compared to CPU speed and therefore accessing the disk constantly -almost every frame-

degrades the rendering performance on the mobile device. 

Another technique that reduces the virtual environment information streamed over 

the network is dead reckoning. In dead reckoning, a host knows the behavioral model of 

the remote objects and it predicts the actual state of the object based on the model and 

previous states. The same dead reckoning prediction is run on every remote host on the 

local objects to detect the prediction accuracy. Prediction parameters are usually limited 

to object speed, position and direction [46]. Most of the techniques are based on the fact 

that the resolution of the displays and the eyes restricts the amount of perceived detail. 

Following this fact, objects that fall within the user's field of view may have different 

relevance to the user. Therefore, different Levels of Detail (LOD) can be used to exploit 

this concept by providing different object representations in terms of complexity (number 

of polygons, texture resolution, etc). This allows a progressive transmission of objects 

based on the user's perception and available bandwidth. As discussed earlier, progressive 

mesh [7] is a good example of a LOD-based technique. 

An alternative method presented in [77] is called Remote Line Rendering. The ren­

dering process is shared between the server and the client. The server streams 2D line 

primitives to the client which renders them. This method aims to reduce the network 

traffic and split the rendering work more fairly between the client and the server. The 

server maintains the virtual environment and is responsible for converting the 3D models 

into 2D lines to be sent to the client. The server extracts feature lines from the model 

and projects them to 2D window coordinates and sends them to the client. The client 

informs the server of user movements and renders the 2D primitives upon arrival. This 

technique suffers from limitations due to using 2D lines. Fully shaded and colored objects 

cannot be rendered on the client. The client can only render feature lines of the objects. 

This solution does not offer full 3D featured environments to the client. 
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2.5 Image-based Interactive Virtual Environments 

There has been several attempts to provide virtual exploration of remote locations 

through image-based rendering. 

The work in [78], uses the chromium architecture [37] to render virtual environment 

scenes on a cluster of workstations. Each workstation renders a part of the image and the 

final image is then assembled, encoded and streamed to the client over a TCP channel 

on a wireless network. This idea resembles the simplest form of IBR use for networked 

virtxial environments. The requested images are generated on demand i.e. once the client 

actually changes his view. This technique neither considers user movement patterns nor 

predicts or buffers anticipated images in advance. The rendering process is boosted on 

the server using clustering techniques, but no buffering or user navigation awareness is 

offered. 

Bradley et. al. [47] have proposed a panoramic image-based navigation system for 

remote exploration of real environments. Their proposed system utilizes a special cam­

era to capture overlapping pictures of the vicinity that are mapped into a sphere. These 

images are transformed into a cubic panorama by projecting the spherical image into a 

cube. In their approach, the virtual environment is considered as a number of predefined 

locations connected by a graph, in which users can navigate to adjacent nodes. A user is 

able to look anywhere within a virtual panorama, while the system displays the available 

predefined navigation routes to the user. When a user moves to one of the predefined 

locations, the system retrieves the corresponding panorama. Since the panoramas are 

constructed from photos of the environment, this solution provides a photo-realistic nav­

igation experience. However, the user movement is limited to predefined routes, which 

negatively affects interactivity and requires the acquisition of several panoramas in order 

to avoid noticeable breaks or jumps in the navigation. 

The remote walkthrough system presented in [48] uses two rendering methods: panorama 

and morphing. Thousands of pictures were taken from a city using eight video cameras 
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and then projected into a cylindrical panorama. Each cylindrical panorama represents a 

location in the city. An algorithm based on Seitz and Dyer's view morphing algorithm 

[30] was used to solve the problem of displaying images at multiple arbitrary locations. 

The morphing algorithm needs a triangular region, whose vertices are original images, to 

generate intermediate images at any location within the triangle. This is done by inter­

polating positions and colors between original images. The specification of the vertices of 

the triangles is manual. Users have to specify the original images that form the triangles. 

The authors also mention that they used a variation of the view morphing algorithm to 

minimize distortions in the resulting images. In their approach, a user can move forward, 

backward and rotate the view. The system switches between the panorama and view 

morphing methods according to the user's movement and position. This system provides 

a better navigation scheme than the one proposed in [47], since it can generate views 

from theoretically any point. The problem is that reference images to be used by the 

morphing algorithms have to be specified manually, which is a cumbersome and arduous 

task. In addition, generated images still suffer from distortions due to view morphing 

calculations, and the quality of these images depends on the reference images specified 

by the user. 

The Rail-Track Viewer [51] focuses on using Image-Based Rendering (IBR) techniques 

to explore large and complex virtual scenes on a remote high resolution display across 

the Internet. The authors developed a system that allows the user to move forward and 

backward by restricting the movement along pre-selected "tracks", in which the user can 

interact with the environment only at some points as a panoramic viewer. Basically, 

data sets are pre-rendered using appropriate rendering engines and the images and their 

geometric information are stored on a server. The reference images are sent to a client on 

request. The client will use reference images to reconstruct novel views by using a layered 

panoramic IBR model. The predefined locations closer to the viewpoint in the virtual 

environment will have more panoramic information cached. The client will maintain 

at least two points with complete panoramic imagery, which requires large bandwidth 
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and storage capacities. According to the authors, experiment results have shown that 

their system is able to render at 10 to 15 frames per second (FPS) for Ik x Ik image 

resolution. As a drawback, this work cannot be directly applied to thin mobile devices 

due to high bandwidth and storage requirements. In addition, user navigation is limited 

to pre-selected tracks and viewpoints. 

A client-server approach to image-based rendering on mobile terminals is presented 

in [50], whose objective is to make it possible to render 3D scenes at interactive frame 

rates on mobile devices through an IBR method and a client/server architecture. The 

author's main contribution is how to place the cameras in the virtual environment in 

order to avoid exposure and occlusion problems when using IBR. They use the footprint 

of an urban environment (streets and buildings) to properly select reference images to 

be transmitted to the mobile device. Basically, the 3D virtual environment is rendered 

on the server, which uses the camera placement algorithm to capture pertinent reference 

images, and then sends the images to the client that renders new views using IBR. The 

server sends the initial reference images and the client starts its IBR process. Experiment 

results have shown that their system is able of rendering less than 4 FPS on a PDA and 

between 8 to 20 FPS on a PC. 

Yu et. al. [49] use an image-based approach to provide remote walkthrough on mobile 

devices. Cubic panoramas are organized into panoramic videos (PV) according to their 

spatial positions. One PV can be represented as a path in the environment. The user can 

move along the designated paths. In their system, a server stores the captured panoramas 

and organizes them in PVs. The server maintains a list of parameters for each client, 

such as user's viewpoint, moving manner and cache status. Required image segments 

are determined by these parameters and then sent to the client. The client notifies the 

server of any change of its status. Data caches are used on both the client and the 

server. On the server side, the data nearest to the user's current position and the most 

probable wandering path is fetched from the disk. On the client end, image segments in 

the vicinity of the user's position are also cashed. A rate control scheme is employed in 
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which the server checks the available bandwidth periodically. Depending on the available 

bandwidth, the server adapts the size of image segments and increases the user step size 

to skip image segments if needed. The drawbacks of this solution include the limited 

interactive experience, since the movement scheme is tied to certain locations, and the 

prefetching scheme is not well presented, it is not clear how their solution computes the 

most probable paths the user will take within the environment. 

Another system that uses PVs is PanoWalk [80]. Scene data is compressed by a 

customized mobile device MPEG encoder. The server determines the required data for a 

client and streams compressed PVs to the client which performs rendering locally using 

image warping. PVs are predetermined and stored on the server after being compressed. 

To provide a complex scene, many PVs have to be stored on the server. The system uses 

the cylindrical panoramas format. Like [49], user navigation is limited to PVs stored on 

the server and no clear prediction mechanism was identified. 

A hybrid geometry/image-based rendering approach is proposed in [79]. Objects with 

low scene priority such as distant objects are rendered using image-based techniques while 

other important objects are rendered using the traditional geometric rendering. This 

enables the system to perform better than pure geometry-based systems since image-

based representations are lighter and faster to stream and render than 3D model data. 

The experiments conducted show that the best performance is achieved using pure image-

based rendering, followed by the hybrid approach and the slowest is the geometry-based 

rendering. The hybrid approach offers a tradeoff between IBR and GBR. 

The authors in [53] use remote rendering to protect copyrighted 3D models accessed 

by remote users. The server maintains the whole 3D virtual environment and sends 

images to remote clients upon demand. The client renders a low polygon version of the 

scene while the user is interacting with it. When the user is idle, the server is informed 

and sends a high-resolution image of the scene back to the client. 

The authors in [54] present another work on remote interactive virtual environments 

where the server renders a 3D virtual world and sends images to a client device. The 
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client renders novel views using image-based rendering. The main idea of this work relies 

on sending only the difference between consecutive frames, instead of sending the entire 

frames. The client sends image requests and wait for the server to reply. Each client 

uses previous views of the environment to predict the next view, using the known camera 

motion and image-based rendering techniques. The server performs the same prediction, 

and sends only the difference between the predicted and actual view. The drawback of 

this approach is that the client may experience long delays waiting for the next image, 

because it is a client based request mechanism. Another disadvantage is that it uses 

lossless compression. The authors used 256x256 images (192KB) for their experiments. 

It would be relevant to compare this approach with a lossy compression scheme, where 

entire 256x256 images (20KB) are transmitted in order to evaluate the efficiency of the 

proposed solution. 

In the work presented in [55], the authors explore an alternative approach to achieve 

3D graphics capability on mobile devices using image-based rendering. Unlike the 

geometry-based 3D graphics pipeline, the rendering time of image-based rendering de­

pends on the screen resolution of the output images rather than the complexity of the 

input models. This offers a potential advantage for mobile devices that typically have 

small display areas. The authors present a client-server framework for mobile devices 

equipped with IEEE 802.11b based wireless interface. They have shown a framework in 

which a 3D graphics programs running on a desktop computer may be used to interact 

with users on mobile devices. This can simplify the process of developing 3D graphics 

software for thin mobile devices and offer a way to offload part of the 3D rendering task 

to the server. Basically, a client device requests images from a server, which renders the 

3D environment and send back reference images and depth maps. The client uses the 

reference images to render intermediate views using McMillan's image warping algorithm 

[31]. Due to the high capacity server, their scheme can render high quality 3D scenes, 

which cannot be done on the client through traditional geometry-based rendering. In 

their experiments, the system is able to render novel views at the speed of 5.9 to 6.2 
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frames per second on a 206MHz StrongArm processor PDA. 

In [56, 57], the authors propose a scheduling and buffering mechanism aimed to im­

prove user interaction with the virtual environment and reduce network latencies. They 

developed a streaming system where a 3D rendering server sends images to mobile clients. 

A panoramic Tenderer on the client renders received images. Cylindrical panoramas are 

employed in the system. The system predicts user's next views by streaming all possible 

future positions the user may navigate to from his current position. This had lead to 

using a simple movement scheme to capture all possible movements. The user may only 

rotate horizontally and by a specific amount of degrees. The user can not look up or 

down and navigates forward by a constant speed. This means that possible futiire user 

movements have been narrowed to 3 possibilities: move forward, rotate left or rotate 

right (by a known angle). The system pre-streams these possibilities to the client and 

therefore achieves path prediction by sending all the possibilities in advance. This sys­

tem also uses a scheduling mechanism to guarantee quality of service. Problems of this 

wrork is that it can not be expanded to include advanced user movement schemes found 

in many applications today. If the user is allowed to move freely; look up and dowm and 

rotate by any amount of degrees, move forward, backward, left and right; then predicting 

and sending all possible next movements is impossible using this technique. 

The authors in [52] propose a client-server approach to provide wireless portable 

devices with virtual environment exploration. A remote rendering server is responsible 

for rendering the virtual environment and for the streaming of the rendering outputs to 

a mobile device client. Only a minor image-based rendering task is left to the resource 

constrained mobile device. The authors proposed buffering and pre-fetching mechanisms 

that take into consideration the user's movement pattern and that adapt the rate and 

schedules the images that will be pre-fetched. 
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2.6 Comparative Analysis 

In this section we provide a comparison between the multitude of virtual environment 

remote rendering approaches and techniques we have discussed in this chapter. Table 

2.1 contrasts between image-based and geometry-based rendering on mobile devices. 

GBR renders geometry on the client and therefore complex scenes cannot be sup­

ported and only low polygon, low quality textured models can be displayed. It consumes 

a lot of bandwidth to stream the 3D models. Techniques discussed in section 2.4 are used 

to minimize the network load. GBR provides the remote user with more interactivity 

in terms of user navigation freedom and scene changes where IBR usually delivers static 

scenes to the client. 

IBR is lighter to render on the client since rendering images is much faster and 

lighter than rendering geometry. Therefore, complex environments can be rendered with 

excellent resolutions since IBR does not depend on the scene's complexity, it rather 

depends on the image resolution. IBR consumes less bandwidth as well. 

Table 2.1: IBR vs G B R on mobile devices 
Technique 

GBR 
IBR 

Rendering Load 

High 

Low 

Complex Scene Support 

Low 

High 

Interaction 

Complex 

Simple 

Network Load 

High 

Moderate 

Display Quality 

Low Polygon 

High Resolution 

Table 2.2 compares between the image-based remote rendering approaches we dis­

cussed in the previous section and our proposed streaming protocol; Partial Panorama 

Prediction. The table includes the following criteria: 

• Navigation: The navigation options the user has. It can be limited to fixed paths, 

or certain movements or be free. 

• Prediction: Indicates if the streaming approach actually predicts the user's next 

movements, by studying his movement patterns or using probabilities, etc... 

a Caching: Indicates if scene data that might be used is stored on the client for 

improved performance. 
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• Adaptivity: Shows if the streaming system changes its behavior according to 

dynamic events such as user movements. 

• Performance: How fast the streaming system delivers the requested scenes to the 

mobile client. 

• Network Load: The amount of network bandwidth consumed. 

• Display Problems: Problems might result in the final images the user sees due 

to IBR algorithms such as distortions, occlusions and lost pixels. 

It is noted that user movement prediction is absent in almost all of the existing 

systems except for the ones that achieve it by restricting user movement to either static 

paths [51], or limited movement options [56, 57, 52]. Our new proposed system predicts 

the user's next movements and grants the user an advanced motion scheme at the same 

time. It predicts future movements by caching data on the client necessary to generate 

new views at the newly predicted positions. The works that rely on panoramas; cache 

rotations on the client since a panorama covers rotations at a certain position [47, 48, 

51, 49, 80, 56, 57, 52]. The works that use predefined set of paths [51, 49, 80] or a 

limited movement scheme [56, 57, 52] cache user movements to these predefined positions. 

Works like [55, 48] which use image warping or view morphing, can generate views 

at arbitrarily close positions but their generated images suffer from problems such as 

distortions and dependency on reference image in case of view morphing, lost pixels, 

occlusions and holes in image warping. None of the systems we found adapts its self to 

events such as user movement patterns; they only react after being informed of what 

the user requests. Our new idea is proactive: changing its behavior and optimizing 

its prediction according to the user's navigation manner. In terms of network load, 

panorama, based systems usually consumes a lot of bandwidth since panorama sizes are 

large. Systems that accompany using panoramas with algorithms such as view morphing 

to generate images at intermediate positions have a slighter advantage. Our new idea 
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sends important information in advance to boost the performance which results in an 

above average network consumption. We try to minimize the bandwidth consumption 

by sending partial panoramas: panoramas covering a limited range of rotations, which 

will be explained later in this thesis and by compressing depth values that are used to 

reconstruct new views at the client. We face the problem of occlusion which is caused by 

revealing objects at the new position which were hidden in the original position. There 

are many existing solutions to this problem in the literature [34]. We currently consider 

this problem to be out of the scope of this thesis and leave it for future work. 

2.7 Summary 

In this chapter we discussed multimedia streaming in general. We identified the spe­

cial issues that arise from using wireless networks and differentiated between interactive 

and non-interactive media. We showed various approaches used to stream 3D virtual 

environments across networks. We described geometry replication, progressive meshes, 

impostors and image-based rendering as alternatives to stream virtual environments on 

remote mobile clients. Image-based rendering has many techniques in the literature, some 

does not use any geometry for rendering such as lightfield and lumigraph, others use im­

plicit geometry for rendering such as view morphing and view interpolation and other 

use explicit 3D geometry such as McMillan's warping algorithm. All IBR techniques are 

based on the plenoptic model and implement at least a subset of it. Panoramas capture 

all light rays from a certain point in the virtual environment and are usually projected 

on a 3D shape such as cubes, spheres and cylinders. We listed existing solutions that try 

to stream virtual environments to mobile devices, compared between them and showed 

their strengths and weaknesses. In the next chapter, we will explain the virtual environ­

ment streaming system we developed for this thesis. This system provides infrastructure 

and facilities such as network access, session management and message serialization that 

will be used by the VE streaming protocols that we develop in this thesis. 
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Chapter 3 

Architecture and Design of the 

Virtual Environment Streaming 

System 

The first step in tackling the problem of displaying complex virtual environments on a 

mobile device is designing a system which defines the roles of the elements involved and 

the relations between these elements, and provides a unified infrastructure and services 

necessary for the yet to design streaming protocols. In this chapter, we describe the 

selected architecture which is client-server. The server maintains the virtual environment 

and the mobile clients communicate with the server to access the virtual environment. 

We then specify the subsystems within each of the server and the mobile clients in detail 

and explain the common messaging system used for communication. We then explain 

the abstract design of the protocol components and how it fits into the system. 

33 
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3.1 Virtual Environment Streaming System Archi­

tecture 

The system architecture is client-server. Since the clients are light and do not possess 

powerful processing or 3D rendering capabilities, the virtual environment including its 

graphics and states will reside on a server which is a powerful computer with powerful 

graphics accelerator capable of rendering and maintaining complex 3D worlds. 

Clients will communicate with the server via a wireless network. Actual network 

devices and mediums depend on the application of the system. Clients will send requests 

and notifications to the server which in turn, reacts and feeds the clients with the data 

needed to display the environment. A user database will be used to validate client 

credentials upon signing in. 

The protocols that will be designed in this thesis all depend on Image-Based Ren­

dering. In this approach, the server renders a view and sends an image to the client 

which displays the image. Figure 3.1 shows the high level architecture of the developed 

streaming system. 

Wireless Network J O 

/ \ ^ i ^ ^ P D A 

^ ~ > PDA 

PDA 

Figure 3.1: Virtual Environment Streaming System Architecture. 

To achieve the goals of streaming views to multiple connected mobile clients while 

preserving system maintainability, efficiency and modularity, both the server and the 

User DB 
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client softwares have to be designed carefully and split into reusable, clear components 

that collaborate together to achieve these goals. In the following two sections, we show 

the anatomy of both the server and the client in detail and show how these sub systems 

operate together to display the virtual environment on the client device. 

3.2 Server Components Design 

Figure 3.2 shows the server application main components. 

I^J^J^S^j^'1: 

^ render 
™ requests 

••j: read 

^ access 

i l S i ^ i p i r o t e a T C s 

Server Protocol B 

• 

Server Protocol n 

v 

<' 

< 

lessages 

access r-

lessages^ 

access *": 

S^Sj6^|iqr|:::;::::::j::; 

, ,, , .. .1. 

;;;rSessidnfi;l. 
•;-:Repo?sitc»S;; 

nessages 

——: feJ 
access ;; :(:S^!pri;,:f' 

^Repository:?.?. 

Figure 3.2: Server Application Main Components. 

• 3D Environment 

This component contains the virtual environment model and is responsible for 

rendering and updating the environment. This component will be accessed from 

the various server streaming protocols to provide necessary imagery needed to fulfill 

client requests. 

• Streaming Protocols 

The server contains various streaming protocols responsible for handling client re-
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quests and notifications. Each protocol is configured to listen on a different network 

port. This enables running all the protocols simultaneously to handle different in­

coming requests from clients implementing different corresponding protocols. Apart 

from accessing the virtual environment, streaming protocols need the below listed 

support to function successfully. 

• Network Interface 

This component isolates network protocol implementation and enables the server 

protocol to seamlessly send messages to clients and notifies it with incoming client 

messages. 

• Session Repository 

This component stores valuable information about each client, such as ID, world 

position and orientation (where the client is facing), movement history, status and 

other protocol specific data, 

• Protocol Network Configuration 

This component configures each protocol to listen to a specific network port. 

• Database Access 

Protocols need to validate user names and passwords and access some stored infor­

mation about the virtual environment. This component facilitates database access 

for the protocols. 

When the server starts up, it initializes the 3D environment and creates the streaming 

protocols which start listening to incoming messages. 

3.3 Mobile Client Components Design 

Figure 3.3 shows the client application components. 
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Figure 3.3: Client Application Main Components. 

• User Input 

Reads user inputs such as key presses, pointing device moves and clicks and notifies 

the client streaming protocol to act accordingly. 

• Client Streaming Protocol 

This component implements the client side of the streaming protocol. It sends 

requests to the server, receives image data from the server and in some protocols, 

stores them in a cache, and sends rendering commands to the image based Tenderer. 

• Image-Based Renderer 

Depending on the protocol, the image-based renderer receives image data in a 

certain format and renders the view on the client device screen. 

• Image Data Cache 

Used by some protocols to store image data that most probably will be needed in 

the near future. 
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• Network Interface 

This component is responsible for sending messages over the network to the server 

and notifying the client protocol of incoming server messages. 

This was a high level description of the components of the streaming server and the 

mobile client. The details of how these components actually work and synchronize, de­

pend on the streaming protocol and will be discussed in later chapters where we describe 

the streaming protocols that have been developed in this thesis. In the next section, we 

will show how the communication between the server and the client is done and explore 

how the messages are formatted and exchanged between them. 

3.4 Network Communication and Messaging 

The server and the client use a network to exchange messages containing requests, noti­

fications and scene data. We developed a common network interface layer on both the 

server and the client, which has the following characteristics: 

1. Provides a standard format for messages exchanged between the server and the 

client. 

2. Abstracts the actual network protocol used to send the messages. 

3. Establishes and closes netwrork connections between the server and its clients. 

4. Provides automatic serialization of messages into byte streams to be sent over the 

network and automatic deserialization of received data into the standard message 

format mentioned above. 

5. Incoming messages notification. The calling code can register to handle specific 

incoming messages. 
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3.4.1 Standard Messages Format 

There are two different message formats, one for server messages and another for client 

messages. Figure 3.4 shows the UML class diagram for the server message. 

ServerMessage 

+Code: ServerMessageCode 
+Body: objectQ 

+ServerMessage() 
+ServerMessage(in code : ServerMessageCode, in body : objectQ) 

N-/ 
«enumeration» 

ServerMessageCode 
+ValidUser 
+Newlmage 
+CubicPanorama 
+Quit 

Figure 3.4: ServerMessage and ServerMessageCode Class Diagram. 

A server message has a code which specifies the type of the message. For example, 

a Newlmage message contains the data for an image to be displayed at the client and a 

Valid-User message indicates that the client has successfully signed in. The above diagram 

only shows a subset of server message codes. Later on when we discuss the protocols, 

we will show all the different message types used by the server. The server message also 

has a body that holds the actual data of the message. The body is implemented as an 

array of objects. This enables sending multiple parameters of different data types to the 

client. Below is an example of configuring a new image server message. 

Listing 3.1: Configuring a server image to hold image data 

< i <M ! i ,< MI-V s e r v e r message 

message = new S; 

- t i - «. < .; to new image 

message . Code = D ' - ^ ? 

0; 

. Newlmage; 
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/ / t h i s message has 2 p a r a m e t e r s 

m e s s a g e . B o d y = new o b j e c t [ 2 ] ; 

/ / f i r s t p a r a m e t e r is t h e image d a t a 

m e s s a g e . Body [0] = irnageToBeSent ; 

,/'/ s econd p a r a m e t e r is t h e image s i z e 

message . Body [1] = irnageToBeSent . S i ze ; 

Client messages have a similar structure. They include an additional User Id field 

that identifies the client. 

ClientMessage 

+Code : ClientMessageCode 
+L)serld : uint 
+Body : objectQ 
+ClientMessage() 
+ClientMessage(in code : ClientMessageCode, in userld 

\U 
«enumeration» 

ClientMessageCode 
+Signln 
+SignOut 
+Movement 
+Rotation 

uint, in body : objectQ) 

Figure 3.5: ClientMessage and ClientMessageCode Class Diagram. 

Client message codes included here are only partial. Examples include signing in 

and out of the server and informing the server of a movement or a rotation. Here is an 

example of configuring a message to be sent to the server upon a forward movement on 

the client. 

Listing 3.2: Configuring a client message to store a forward movement 

/ / c r e a t e a new c l i e n t message 

Cl i ec I..M i:s.;:rt';i' message = new O ie s i i h-K;ssa^e ( ) : 

/ / s e t t h e use r id of ( he c I i e D t 

message . User ld = 13; 

/ '/ se t t h e code oi t h e message to movement 
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message . Code = C l i e n r M e s s a g e C o d w .Movement ; 

/ / t h i s m e s s a g e h a s one p a r a m e t e r 

message . Body = new o b j e c t [ 1 ] ; 

/ / i n fo rm t h e s e r v e r t h a t t h e c l i e n t has moved FORWARD 

message . Body [0] = Movement. Forward ; 

3.4.2 Network Protocol Abstraction 

Having the messages format specified, the next task is exchanging them over the net­

work. Protocols such as TCP or UDP can be used for this task. We designed our 

network communication modules to be independent of the network protocol used. The 

communication module is associated with a generic network protocol from which specific 

implementations such as TCP or UDP can be derived. Figures 3.6 and 3.7 show UML 

class diagrams for the network protocols on the server and the client respectively. 

«signal» 
ClientDataReceived 

in IPEndPoint 
in data 

BaseNetworkServer 

#BaseNetworkServer() 
+Start() 
+Stop() 
+Send(in IPEndPoint, in data : byteQ) 
+DisconnectClient(in IPEndPoint) 
«signal»+ClientDataReceived(in IPEndPoint, in data) 

"TV- T V 

UDP Server TCP Server 

Figure 3.6: Server network protocol abstraction classes. 

BaseNetworkServer is an abstract network server class. It provides operations com­

mon to any network server application such as listening to a server port, disconnecting 

a client, sending a message to a client and notification of a received message. From this 

class, different implementations can be derived such as TCP or UDP. These implemen-
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«signal» 
ServerDataReceived 

in data 

BaseNetworkClient 

#BaseNetworkClient() 
Connect(in serverlPAddress, in serverPort) 
Disconnect) 
Send(in data: byteQ) 

«signal»+ServerDataReceived(in data) 

7S ~ZT 

UDP Client TCP Client 

Figure 3.7: Client network protocol abstraction classes. 

tations share the same common interface; BaseNetworkServer . Therefore the actual 

implementation of the network protocol is now isolated. 

A similar approach was taken on the client. BaseNetworkClient encapsulates common 

network client behavior, connecting and disconnecting to a server, sending messages and 

notification of receiving a message from the server. Two implementations of the network 

client protocols are provided; TCP client and UDP client. 

3.4.3 Network Communication Modules 

The final step in completing the network communication module is providing an interface 

that hides all the network details from the calling modules. 

The model in Figure 3.8 shows the complete picture of the server network com­

munication module. S'erver•CommunicationAgent class is the interface for the network 

communication module on the server. It uses an implementation of BaseNetworkServer 

internally to accomplish the job. Clients of this class can access network services easily 

and seamlessly by calling the Start() method which starts network communication, then 

can subscribe to be notified for certain incoming messages from clients by calling the 

HandleEventf) method and passing it the client message code and a callback function 
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«signal» 
MessageReceived 

in ClientMessage 
in IPEndPoint 

«signal» 
ClientDataReceived 

in IPEndPoint 
in data 

ServerCommunicationAgent 

^erverCommunicationAgent(in serverlPAddress, in serverPortNumber) 
•Start() 
t-Stop() 
^isconnectClient(in IPEndPoint) 
)-HandleEvent(in ClientMessageCode, in MessageReceivedCallBack) 
t-SendMessage(in IPEndPoint, in ServerMessage) 
•Serialize(in ServerMessage): byteQ 
•Deserialize(in byteStream : byte[]): ClientMessage 

_&. 
BaseNetworkServer 

#BaseNetworkServer() 
+Start() 
+Stop() 

Send(in IPEndPoint, in data : byteQ) 
DisconnectClientfJn IPEndPoint) 
signal»+ClientDataReceived(in IPEndPoint, in data) 

"7T 

UDP Server TCP Server 

Figure 3.8: Server network communication module. 

to call upon receiving the message. When the callback function is called, it receives the 

network address of the client and a client message that is automatically deserialized. 

Users of this class can send messages in a high level manner by passing a server message 

and a network address, serializing the message and sending it using a network protocol 

is taken care of internally. The Stop() method shuts down the network communication 

module. The client has a similar design which is shown in Figure 3.9. 
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«signal» 
MessageReceived 
in ServerMessage 

«signal» 
ServerData Received 
in data 

ClientCommunicationAgent 

+ClientCommunicationAgent(in serverlPAddress, in serverPortNumber) 
^tart() 
^top() 
i-HandleEvent(in ServenVlessageCode, in MessageReceivedCallBack) 
^endMessage(in ClientMessage) 
Serialize(in ClientMessage): byteQ 
Deserialize(in byteStream : byteQ): ServerMessage 

1 

_^_ 
BaseNetworkClient 

#BaseNetworkClient() 
+Connect(in serverlPAddress, in serverPort) 
+Disconnect() 
+Send(in data : byte[]) 
«signal»+ServerDataReceived(in data) 

7S~ "7V 

UDP Client TCP Client 

Figure 3.9: Client network communication module. 

Here is a working example of a client signing in to the server and the server sending 

back the appropriate response. 

Listing 3.3: Client sign in 

c r e a t e a c l i e n t n e t w o r k a g e n t and s e t i t to c o n n e c t t o a s e r v e r 

on t h e l o c a l h o s t on o o r t 999 

c l i e n t = new G ( " 1 2 7 . 0 . 0 . 1 " , 9 9 9 ) ; 

h a n d l e t h e v a l i d use r and e r r o r i n c o m i n g m e s s a g e s from t h e s e r v e 

c l i e n t . HandleEvent ( s rve i 

c l i e n t . HandleEvent ( S.>rv ;oiv!.-:-s: 

/ / s t a r t n e t w o r k c o m m u n i c a t i o n 

c l i e n t . S t a r t ( ) ; 

/ / send a s i g n in message t o I t 

c . Error , onErrorMessage ) ; 

e. Va l idUser , o n V a l i d U s e r M e s s a g e ) ; 
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( . " l e n t M e s s a g e s i g n l n M s g = new ( 'lie?nAlf>ss;ige ( ) ; 

s i g n l n M s g . Code = C i i e n t M e s s a g e C o d e . S i g n l n ; 

s i g n l n M s g . Body = new o b j e c t [] {username , p a s s w o r d } ; 

c l i e n t . SendMessage ( s i g n l n M s g ) ; 

/ / t h i s f u n c t i o n w i l l be c a l l e d when t h e s e r v e r s e n d s a v a l i d u s e r m e s s a g e 

p u b l i c void o n V a l i d U s e r M e s s a g e ( S e r v o r M o s s a g c m e s s a g e ) 

{ 

/ / show a s u c c e s s message 

Message!] o x . Show (" Sign in s u c c e s s f u l ! " ) ; 

} 

/ / t h i s f u n c t i o n w i l l be c a l l e d when t h e s e r v e r s e n d s an e r r o r m e s s a g e 

p u b l i c vo id onErrorMessage ( S e r v e r M e s s a g e m e s s a g e ) 

{ 

/ / show t h e s e r v e r e r r o r message 

M<>-sagoBox. Show ("Sign in F a i l e d . Server Error Message :" + m e s s a g e . body 

} 

p u b l i c void o n A p p l i c a t i o n E x i t () 

{ 

/ / when t h e c l i e n t a p p l i c a t i o n c l o s e s . s t o p n e t w o r k a g e n t 

c l i e n t . Stop ( ) ; 

} 

Listing 3.4: Server sign in 

/ / c r e a t e a s e r v e r n e t w o r k a g e n t and s e t i t t o l i s t e n on p o r t 999 

S ^ v e r C o m n i u m c o u o i i A K i ' m s e r v e r = new Sav verCVarMininica l ion A gv-aH. ( " 1 2 7 . 0 . 0 . 1 " 

/ / h a n d l e s i g n in m e s s a g e s in c o m i n g fro ID. t h e a l ien , t 

s e r v e r . HandleEvent ( OHci.n 1U<ssaaef '•od^ . S ign ln , o n C l i e n t S i g n l n ) ; 

/ / s t a r t ne twork com in unit: a t i on 

s e r v e r . S t a r t ( ) ; 
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/ / t h i s f u n c t i o n is c a l l e d when t h e s e r v e r r e c e i v e s a s i g n in m e s s a g e from a c l i e n t 

p u b l i c vo id o n C l i e n t S i g n l n ( Ciiont'Me:- :sa<te m e s s a g e , I P E n d P o i u t a d d r e s s ) 

{ 

/ ' / r e a d u s e r name and p a s s w o r d from t h e c l i e n t m e s s a g e 

s t r i n g username = ( s t r i n g ) m e s s a g e . Body [ 0 ] ; 

s t r i n g password = ( s t r i n g ) m e s s a g e . B o d y [ 1 ] ; 

/ / Do what e v e r t o s i g n in t h e c l i e n t 

S e r v e r M e s s & g e r e s p o n s e = new Her 0; 

if ( s i g n e d l n ) / / u s e r s i g n e d in s u c c e s s f u l l y 

{ 

r e s p o n s e . C o d e e . V a l i d U s e r ; 

} 

e l s e 

{ 

r e s p o n s e . Code = . Error ; 

r e s p o n s e . Body [0] = " i n v a l i d user name or password"; 

/ / s ena t h e r e s p o n s e message to t h e c l i e n t 

s e r v e r . SendMessage ( a d d r e s s , r e s p o n s e ) ; 
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3.5 Server and Client Protocol Design 

Having the network, virtual environment and all other sub systems developed and ready, 

we only need a component where we can implement the different client/server streaming 

protocols. In this section, we describe the server and the client protocol design and 

how it uses all the other aforementioned components and services to achieve our goal of 

displaying virtual environments on a mobile device. 

3.5.1 Server Protocol Design 

The server protocol is the most important component on the server; it represents the 

server logic of the streaming protocol and uses other components such as networking, 

session management and virtual environment to accomplish its job. Figure 3.10 shows 

the structure of the server protocols and how they relate to other components. 

Session 

•Userld 
•IPEndPoint 
•UserCamera 
•ImageSize 
•HorizontalFieldOfView 
•VerticaiFieldOfView 
HorizontalCoverageAngle 
•VerticalCoverageAngle 

K-

VirtualEnvironment 

Update!) 
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+Draw() 

RenderViewTolmageO 
RenderPanorama{) 

N" 

ImageResponseProtocol 

SessionManager 

+CreateSession() 
+RemoveSession() 
+GetSession() 

7^ 

#UserStepSize 

ServerProtocol 

+ServerProtocol() 
+Start() 
+ShutDown() 
+OnClientSignln() 
+OnClientSignOut() 
+OnClientMovement() 
+OnClientRotation() 

zx ; 

PanoramaOnDemandProtocol 

- ^ 
ServerCommunicationAgent 

Pa rtia I Pano ram tcP red iction Protocol 

Figure 3.10: Server protocol design. 



Architecture and Design of the Virtual Environment Remote Streaming System 48 

A generic server protocol class ServerProtocol holds the common attributes and be­

havior of a server protocol. A server protocol can be started and shut down and has 

associations with other subsystems. It uses ServerCornmunicationAgent class discussed 

in section 3.4 to access the network and communicate with clients. It also has access 

to the virtual environment and sends rendering requests depending on the specific im­

plementation of the protocol. It uses the session management component to store and 

read clients important information. As the figure shows, a client session includes its ID, 

IP address, camera in the virtual world and other protocol specific data which will be 

described in later chapters. Equipped with all these facilities, we can implement the 

server side of a streaming protocol with ease; we only concentrate on the logic of the 

protocol since the rest of the work is already implemented. There are three protocol 

implementations shown in the diagram which will be explained in later chapters. 

3.5.2 Client Protocol Design 

The client follows the same design as the server. The ClientProtocol class encapsu­

lates common client protocol behavior. It associates with ClientCormnunicationAgent to 

communicate with the server and displays received imagery to a standard windows forms 

control. Some implementations such as those involving panoramas need a simple virtual 

environment to render panoramas and Other implementations cache received data for 

future use. Client protocol design is depicted in Figure 3.11. 

3.6 Summary 

In this chapter, we described the virtual environment streaming system that will be 

used as an infrastructure for the streaming protocols that will be described in the next 

two chapters. We employed client/server architecture and described the components 

interacting on each side to lay the ground for streaming protocols. We have shown how 

we handled the network communication and how the protocols are to be fitted into the 
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Figure 3.11: Client protocol design 

system. It is now time to talk about the different streaming protocols we developed and 

discuss them in details. 

In the next chapter, we introduce two streaming protocols, image response (IR) and 

panorama on demand (POD). We shall describe their ideas and analyze them from many 

points of view, such as efficiency, movement prediction, bandwidth utilization and many 

more. 



Chapter 4 

Image Response and Panorama on 

Demand Streaming Protocols 

In this chapter, we introduce two image-based streaming protocols. The first, image 

response (IR), is the most straightforward. The server sends images of new views based 

on client movements. The second protocol, panorama on demand (POD), uses some sort 

of path prediction where for any position in the virtual environment, the server sends a 

full panorama to the client. The client then can use the panorama to provide all views 

at the current location. 

Most of the existing distributed virtual environment systems discussed in section 2.5 

can be classified into one of these protocols. Therefore these two protocols performance 

can approximately measure these systems performance. 

In this chapter we describe the ideas and motivation behind these two protocols. Then 

we describe our implementation of these protocols. Finally, we analyze the protocols and 

discover their advantages and shortcomings and set the motivations for innovating a new 

idea that overcomes these limitations. 

50 
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4.1 Image Response Protocol (IR) 

When using image-based rendering (IBR) to stream virtual environments to mobile de­

vices, first thing that comes to mind is rendering the virtual environment at the current 

location of the user, saving the scene to an image and sending it to the client. The client 

simply receives the image and displays it. This is the basic idea of the IR protocol. 

Simplest does not always mean best. In this approach, upon every client movement, 

the server reacts and sends new images. The server does not do any job to provide the 

client with images in advance since it does not know what could happen, it only knows 

after it happens. Therefore this idea is simple but completely lacks prediction. 

The client is completely bound to a network and server processing delay before it 

can provide the user with the new view. As the results will show later, this protocol 

consumes the least network bandwidth but in return it does not provide the user with 

highly interactive responses. 

In the next sub section, we describe our implementation details of the IR streaming 

protocol. 

4.1.1 IR protocol Implementation 

Using the system we described in chapter 3, the IR streaming protocol is implemented 

by inheriting Server Protocol and ClientProtocol classes for both server and client side 

protocols. The server listens on a special port iised to receive IR client protocol requests. 

Figure 4.1 shows the sequence of actions that take place when a client signs in to the 

server. 
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Mobile Client Server 
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Figure 4.1: IR client sign in activity diagram. 

The mobile client sends a Signln message to the server with the following parameters: 

• User name. 

• Password. 

• Display Window Size: dimensions of the window used to display the image. 

Determines the image size. 

® Field of View: client's horizontal and vertical field of view. 

The server receives the sign in message and reads its parameters. It checks user's 
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credentials and creates a new session for that user. It then configures the camera, places 

it in the virtual environment and applies the client's vertical and horizontal field of view 

(FOV). Client window size is stored in the session as well. Finally, the server sends a 

ValidUser message to the client attached with the user's ID. 

Once the protocols start up, the client is now able to navigate in the virtual envi­

ronment. On each movement issued by the client's input module, the client protocol is 

notified with the movement. Figure 4.2 shows the flowchart of actions that taking place 

when a client moves or rotates view in the virtual environment. 
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JL 
1 Save The View To An Image 

± 
- I Send A New Image Message To The Client I 

Figure 4.2: IR movement/rotation activity diagram. 
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The client sends a Movement or a Rotation message depending on the movement. 

The server updates the client's camera, requests the virtual environment to render the 

new view, then saves the new scene to an image. To save bandwidth, the image is 

encoded as a PNG image. PNG was selected since it is a lossless compression algorithm; 

exact pixel values can be restored after decoding the image. This feature will prove to 

be very useful in later protocols. Finally, the image is sent to the client who displays it 

to the user. 

4.1.2 IR protocol Analysis 

Following are the advantages of the IR protocol: 

1. Simplicity. It is the most straightforward method to implement image-based stream­

ing. 

2. Consumes the least bandwidth per movement since it does not send additional 

information that predicts next movements. 

Shortcomings of the IR protocol are listed below: 

1. Does not use any prediction mechanism to make next predicted views available on 

the client in advance. 

2. Response time always depends on the network delay. On heavy network load, user 

experience may degrade due to increased network latency and the lack of availability 

of images on the client. Other protocols may rely on local images on the client to 

improve system responsiveness in case of network overload. 

4.2 Panorama on Demand Protocol (POD) 

The POD protocol tries to solve the lack of prediction problem in the IR protocol. 

Whenever the client changes position in the virtual environment, a panorama that covers 
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all rotations at the new position is sent to the client; thereby localizing rotations at the 

new position and eliminating the need for transmitting new images for these rotations. 

This idea works best if it is well known that the user will rotate a lot at every position 

her/she visits. The larger the number of rotations the better the protocol performs. A 

big problem arises if the user changes position a lot; this leads to performance much 

worse than IR since the size of a panorama is considerably larger than a simple image. 

4.2.1 POD Protocol Implementation 

In our implementation of the POD protocol, we used cubic panoramas. For more in­

formation about panoramas and their different types please refer to section 2.2.4. POD 

protocol is implemented in the standard way of inheriting Server-Protocol and ClientPro-

tocol classes. 

When a POD client signs in, the same sequence of actions in Figure 4.1 executes. The 

difference is in handling movements and rotations. In this protocol, the client maintains 

a simple virtual environment that displays a cube. The user is positioned at the center of 

the cube. Look around (rotations) is achieved by rotating the client camera. Movement 

is done by replacing images that the cube faces display. The user camera, never actually 

moves. The cube panorama is made of six images, one image for each face. Each image is 

applied to a cube face as a texture. The client virtual environment is rather simple, since 

it only uses a few vertices for the cube and six textures and therefore can be loaded easily 

on the mobile device. Figure 4.3 shows the actions that undergo when a client rotates. 

As noticed from the flowchart, the rotation is handled locally on the client. Therefore, 

in a case of rotation, the POD protocol is much faster than IR. However, when the client 

moves, a whole new7 panorama has to be rendered on the server and streamed back to the 

client, as shown in figure 4.4. Since the client rotations are not reported to the server, 

upon moving, the client has to inform the server where the user is facing i.e. Horizontal 

and vertical rotations. The server updates the client camera and renders a new cubic 

panorama. 
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Figure 4.3: POD rotation activity diagram. 

Let's explain how the server renders the cubic panorama. A cubic panorama captures 

all the views the user can look at from a certain position. It captures six orthogonal 

images corresponding to the cube faces. The camera's field of view is set to 90 degrees 

both horizontally and vertically. The front cube face is rendered first. Then the camera is 

rotated horizontally by 90 degrees to render the right face. Same thing goes for rendering 

left and back cube faces. The upper cube face us rendered is rotating the camera vertically 

by 90 degrees and the lower cube face is rendered by rotating the camera by 270 degrees 

vertically. 

The server maintains a buffer to which scenes are rendered. This buffer is called the 

back buffer. The back buffer has a maximum image size which the server can render 

to. Since a cubic face image represents a 90° x 90° field of view, its size depends on the 

client's field of view and image size. For example if the user's field of view is 45° x 45° 

and its window size is 100 x 100. Simply rendering 100 x 100 cube faces will result in 

distorted and low quality images seen by the client since this small image have to be 

stretched on the client to cover a 90° x 90° field of view. To maintain image quality, the 
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Figure 4.4: POD movement activity diagram. 

size of a cube face image is computed by the following formulas: 

Height 
90 

x clientWindowSizeHeight 
clientVFOV 

90 
Width = — —— x clientWindowSizeWidth 

clientHFOV 
(4.1) 

This means that the cube image size relative to the client's window size is: 

(90/'clientHFOV) * (90/clientVFOV) (4.2) 
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So if the client's field of view is 45° x 45° then the size of a panorama face image will 

be 4 times the size of the client window size in order to maintain image quality. 

After computing the cube face image size, the server renders to a subset of the back 

buffer equal to the size of the cube face. This is done by setting a view port on the back 

buffer. The following code snippet shows the routine that renders a cubic panorama for 

a client's position: 

Listing 4.1: Cubic Panorama Rendering 

/ / Renders a. full. 360 cubic panorama, front a camera : s view 

/ / c l i en tCamera : C l i e n t ' s camera 

/ / hFov : Cl ien t ' s h o r i z o n t a l f ield of view 

/ / vFov: Cl ien t ' s v e r t i c a l f ield of view 

/ / ' windowSize: C l i e n t ' s window size 

/ / r e t u r n s : generated panorama 

public CvibicPa.rsomrrex RenderFullCubicPanorama(Camera clientCamera , 

Hcg-ree hFov, Degree vFov , Size windowSize) 

{ 
/ / c r e a t e a view port with the s ize of a cube face 

Viewport. newViewport = new Viewpori ( ) ; 

newViewport .X = newViewport .Y = 0; 

/ / width and height, of the view port depend on the c l i e n t ; s f ield of view 

/ / and window size 

newViewport .Width = ( i n t ) ( ( 9 0 . 0 / hFov) * windowSize . Width ); 

newViewport. Height = (int. ) ( ( 9 0 . 0 / vFov) * windowSize . Height ) ; 

/ / set p r o j e c t i o n matr ix to 90 degrees both v e r t i c a l and h o r i z o n t a l 

ProjectionMatrix = Ma 1:; C: . PerspectiveFovLH (90 , 90); 

/ / Assign the new port to render i n g device 

Device . VP.evpor* — newViewport; 

CnbicPiiiioi-sVisa cubicPanorama = new ( :;>MePaeo;v.me ( ) ; 

Let reap bitmap ; 

/ / Front Face 

Render ( clientCamera ); 

cubicPanorama [ Case, |'.-,;! a i, :i {.',-. a: . Front ] = Back Buffer . GetPNG () ; 

cl ientCamera. RotatcRight (90) ; 
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Render (c l i ent Camera ) ; 

cubicPanorama [CubicP:- jaFacc . Right ] = BackBuffer . GetPNG ( ) ; 

/ / Back Face 

c l i en tCamera . Rot ate Right ( 9 0 ) ; 

Render ( c l i e n t C a m e r a ) ; 

cubicPanorama [ Cubii.pasiorarnaFiuv: .Back] 

/ / Left. Face 

c l i en tCamera . RotateRight ( 9 0 ) ; 

Render ( c l i e n t C a m e r a ) ; 

cubicPanorama f Cnbicpiinoi-anui.i'ac--a . Left 1 

BackBuffer .GetPNG ( ) ; 

= BackBuffer ,GetPNG(); 

/ / r e s e t the camera to face o r i g i n a l d i r e c t i o n 

c l i en tCamera . RotateRight ( 9 0 ) ; 

/ / Up Face 

c l i entCamera . RotateDown (( ; ;• 

Render ( c l i entCamera ) ; 

cubicPanorama [ CuhicPanora.aK 

/ / Down Face 

c l i en tCamera . RotateDown (Gc-< 

Render ( c l i e n t C a m e r a ) ; 

cubicPanorama [ CisbicP/iuorriViii 

. DegreeToRadian ( —90)); 

.Up] = BackBuffer .GetPNG(); 

. DegreeToRadian ( 1 8 0 ) ) ; 

.Down] = BackBuffer .GetPNG ( ) ; 

} 

/ / r e t u r n t he cub ic panorama. 

return cubicPanorama ; 

Now that the cubic panorama is rendered and compressed, the server sends it to 

the client via the networking foundation discussed in chapter 3. Once it receives a 

new panorama message, the client applies the new panorama face images to its virtual 

environment cube; assigning each cube face the appropriate image. It then renders the 

textured cube and the user is shown the new view at the new position. 
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4.2.2 P O D Protocol Analysis 

In summary of the POD protocol, it uses a simple form of predicting future user move­

ments. It makes images needed for future rotations available on the client in advance but 

does not take into account user movements. As discussed above, the size of a panorama 

face image is usually much bigger than the image the client sees. For the case of 45° x 45° 

field of view, it is 4 times the client window size. This yields to sending 24 times the 

images for a whole panorama since it has 6 faces. This size is much bigger and therefore 

much slower to transmit. It can be seen that if the user changes position a lot, this 

protocol will perform poorly. Most of the time; the client will only use a small amount 

of the panorama, if it rotated at all. Overall and as the experiments will show; IR is 

simpler and far better than POD. 

4.3 Summary 

In this chapter, we discussed two streaming protocols; IR and POD. We described how 

each of them works, showed how we implemented both in our streaming system, and 

discovered their strengths and weaknesses. 

These protocols suffer from being action driven i.e. they react once a user signals 

a request. The user is always ahead of the system, issuing requests and the system 

responds. What is needed is new idea that predicts almost all possible future user 

movements and pre-sends only information that will be used by a next movement i.e. 

not send unnecessary images. The amount of this extra data has to be kept to the 

minimum possible to save precious transmission times. Another challenge is that the 

user should be given an advanced motion scheme such as ones found in 3D games. This 

is not present in other protocols that try to predict next user movements, in order to 

enable them to simply send all possible combinations in advance. 

In the next chapter we introduce a new idea which promises to solve IR and POD 

problems and outperform them by simply making future images or least a major part of 
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them available on the client before needing to use them upon movement. Thus, almost 

eliminating network dependency needed to deliver views of new positions. The new 

protocol will study user movements and will adapt to their movements to improve its 

performance. This is a major difference between the new idea on one hand and IR and 

POD on the other hand, since the later don't understand user movement and do not 

change to better suit them. 



Chapter 5 

The Proposed Virtual Environment 

Streaming Protocol 

In this chapter, we present a new proposed streaming protocol called Partial Panorama 

Prediction {PPP) and discuss it in details. We will show how the protocol actually 

predicts future user movements where user movement is more advanced and complex 

than existing solutions. The protocol does that while saving bandwidth from transmitting 

unnecessary data. It only streams data which is needed to generate possible next views 

when the user moves. Another aspect of the protocol is that it adapts its self to user 

movement. It changes its parameters and priorities in response to frequent movement 

types. 

This chapter is divided as follows: section 5.1 describes the objectives which the par­

tial panorama prediction protocol tries to achieve. A richer and improved user navigation 

scheme allowing better interaction with the virtual environment is presented in section 

5.2. Section 5.3 lays out some 3D background necessary to understand the protocol. It 

explains what view frustum and projection plane are. Section 5.4 introduces the idea of 

partial cubic panoramas which saves bandwidth and improves system response. Section 

5.5 introduces a new method for transmitting imagery for a type of movement called 

strafe. It explains the idea and how it is more efficient than normally streaming new 
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data upon request. It proves that the new idea streams less data and streams it before 

it is actually needed. Hence, this idea is used by the PPP protocol to predict future 

user movements. Section 5.6 expands on the strafe transmission idea by transforming 

any movement in any direction to a strafe movement and therefore utilizing this pow­

erful technique. Section 5.7 formalizes PPP streaming protocol on the server and the 

client devices. Section 5.8 shows our PPP implementation. It also explains the different 

techniques and algorithms used to implement various ideas in the protocol such as par­

tial panoramas and depth compression. Finally, current implementation problems and 

limitations are identified and listed to be solved in future research work. 

5.1 P P P Protocol Objectives 

The goal of the PPP streaming protocol is to enable mobile device users to access and 

navigate virtual environments in an efficient way that overcomes the limitations of mo­

bile devices hardware. Unlike other existing protocols, the new protocol should provide 

mobile users with a rich navigation scheme and thereby a rich user experience. All of 

this, while maintaining interactivity and system responsiveness. 

Obviously when user navigation becomes more complex, system responsiveness will 

be reduced because of the emerged need of transmitting larger number of images and 

the fact that predicting user movements becomes much more difficult than the case of 

simple predefined movements. We should be able to predict user movements and deliver 

new imagery prior to needing them. 

In the following section, we will show the improved user navigation which is allowed 

in the proposed protocol. 
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5.2 User Navigation Scheme 

The proposed navigation scheme gives the user a great deal of flexibility in navigating 

the virtual environment. In earlier ideas that try to predict future user movements, user 

navigation was restricted to simple and predefined movements so that the system could 

predict and pre-stream all or most likely anticipated images. This is a major limitation 

that our approach tackles. We will provide the user with a navigation scheme which 

tries to emulate a player's movement in a typical first shooter game. User navigation is 

described as following: 

• The user can move forward and backward by a fixed step size D. 

• The user can move left or right (strafe) by a fixed step size D. 

• User movement is restricted to the XZ plane. The user can not change altitude 

i.e. elevate, jump or crouch. 

9 The user can look up and down freely and by any angle. 

» The user can rotate horizontally (around y-axis) freely and by any angle. 

This movement scheme is much more complicated than simple movement schemes 

proposed in previous works and should allow much more interactivity between the user 

and the system. 

In the following sections, we will illustrate the basic ideas on which the protocol is 

based, but before that, let's dive into some 3D mathematics necessary to understand the 

protocol. 

5.3 3D Mathematics Background 

To understand the protocol, we need to elaborate on key 3D mathematics related to 

cameras and user navigation. 
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5.3.1 View Frustum 

According to [1], we define a view frustum, as the volume of space containing everything 

that is visible in a 3D scene. The view frustum is shaped like a pyramid whose peak lies 

at the camera position as shown in Figure 5.1. 

Figure 5.1: View Frustum. 

A view frustum is defined by the following: 

• Near Z plane: minimum distance at which objects are visible. 

• Far Z plane: maximum distance at which objects are visible. 

• Horizontal field of view angle u. 

• Aspect ratio: the ratio of u to Vertical field of view angle. 

5.3.2 Projection Plane 

According to [1]. a projection plane is a plane perpendicular to camera's viewing direction 

and lies at distance e from the camera where left and right frustum planes intersect it as 

x — — 1 and x — 1 respectively. This is illustrated in Figure 5.2. 
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Figure 5.2: Projection plane and the focal length e. 

e is called the focal length of the camera and is inversely proportional with ui. 

Using simple geometry, e can be computed as: 

1 
e = tan{%) 

(5.1) 

Projection is rendering a 3D scene into a 2D display. We need to determine where on 

screen each vertex should be drawn. A 3D point P(x, y. z) is projected on the projection 

plane as follows: 

e.Px 

P, 

eJ% 

P, 
(5.2) 

The formulas shown in this section will be a base to an idea that PPP protocol 

will use to predict future user movements, but before that, let's see how the protocol 

predicts future rotations. It does that differently than POD . Instead of streaming a full 
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panorama, only parts of the panorama that will be most probably used are streamed. 

The key idea is to guarantee a minimum rotation coverage for which views are available 

at the client at all times. This is the first major new idea in PPP that strives to increase 

locality and therefore reduce newly requested views' response times. 

5.4 Partial Panoramas 

Panoramas can be used as means to predict future user rotations. By streaming a 

panorama for a position in the virtual environment, we are localizing all rotations at 

that position. However, transmitting complete panoramas for every position the user 

navigates to is inefficient as seen in POD protocol since the size of a panorama is large. 

Another important factor is that most of the time, the user will not use the entire 

360° x 360° view offered by the panorama. This means most of the panorama has not 

been used and was unnecessary. 

An idea that comes to mind is, what if we find a way to reduce the amount of 

panorama data that will not be used and at the same time stream parts which are 

most likely to be used? This means lower bandwidth waste and faster response times 

because we stream less data and more importantly we stream data that is considered 

most probable to be used in future rotations. Thereby making these rotations' response 

times very small since requested data is already localized at the client. 

We introduce the idea of partial panoramas. We only stream parts of the view the 

user will most likely need. These parts are simply the closest views the user can see 

from his current looking direction. Instead of sending images that cover 360 degrees of 

horizontal and vertical rotations, we send images that cover 9 horizontal rotations and p 

vertical rotations; where: 0 < 6 < 360 and 0 < 3 < 180. When 0 is 360 and p is 180, this 

means a complete panorama exactly as used by POD . 0 values for 6 and /3 means we 

only stream the current view and we do not consider any rotations. This is exactly what 

IR protocol does. In a sense, this idea includes both extremes; IR and POD and the 
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in between compromises between bandwidth saving and future rotations localizations. 

We always guarantee that up to 9 degrees of horizontal rotations and up to 0 degrees of 

vertical rotations are present on the client. This area of rotations is considered the most 

probable the user will need since they are the closest to his viewing direction. The user 

can freely rotate within this area with out having to request the server to stream new 

images. Once the user has rotated close enough to exceed this area, the system sends 

new images necessary to maintain the coverage. Figure 5.3 shows the (#, 0) rotation 

coverage from where the user is facing. The X-axis represents horizontal rotations and 

the Y-axis represents vertical rotations. The center point of the coverage rectangle is the 

direction where the user is facing. Only the small rectangle is streamed to the client as 

opposed to the big rectangle which represents a complete panorama. 
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Figure 5.3: (9, 0) rotation coverage. 

Figure 5.4 shows what happens when the user rotates significantly in a direction, 

the difference between the old and new coverage rectangles is streamed to maintain this 

coverage. 

When do we consider the user too close to exceed the coverage? This depends on 

the application of the protocol. As can be seen, this idea saves valuable bandwidth and 

streams only parts which will most likely be needed in future rotations at a position in 

the virtual environment. The values of the (9, 0) pair play an extremely important role 
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Figure 5.4: Difference between old and new rectangles is streamed upon user rotation. 

in the efficiency of the prediction. Large values mean we predict the user will rotate a 

lot while small values indicate that we predict the user will not rotate that much and 

therefore streaming unnecessary parts is avoided. The tradeoff is in the frequency we 

need to ask the server to stream new views. In the former case, we stream more data 

to increase localization and decrease server dependency while in the later we try to save 

bandwidth but we consult the server more in case the user rotated a lot. The optimal 

values can be selected depending on the application or by adapting the system to user 

movement patterns. This idea of making the system intelligent and adaptive to user 

movement will be thoroughly discussed as we formally specify PPP protocol. 

5.5 Strafe Movement Streaming 

A strafe is a simple translation along the camera's X-axis. It does not involve any 

rotation. Figure 5.5 illustrates this movement. 

Instead of transmitting a new partial panorama from the server when a strafe occurs; 

the idea is to stream only the lost pixels of the current viewable image at the client. 

Other parts of the panorama will be streamed normally. 

When the user strafes by D units; a 3D point P(x, y, z) becomes P'(x + D, y, z). By 
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Figure 5.5: Strafe by D units from position A to position B. 

applying formula 5.2 to P', its corresponding pixel (x1, if) becomes: 

e{Px + D) 
P7 

= x + 
e.D 
T7 

P, 
(5.3) 

^p- is the pixel displacement. Let's denote it by D'. 

To be able to compute D', we need to know the depth of each pixel. Therefore pixels' 

depth values must be sent to the client. This is an overhead but it will pay off as we will 

show in a bit. 

We can roughly estimate the percentage of lost pixels caused by a D units strafe 

assuming that Pz is identical for all pixels using this formula: 

W 
(5.4) 

where L is the percentage of lost pixels and W is the image width, measured in 

pixels. This formula is useful for estimating the worst case loss percentage by assuming 

Pz — nearZ for all pixels. Clearly D' is directly proportional with e and D and is 
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inversely proportional with Pz. The loss percentage depends on these three inputs. 

Let's have a worst case scenario using typical values for our inputs: 

© Pz is between nearZ and farZ. The worst case is when all the pixels have a depth 

of nearZ and that nearZ — 1; 

® 0 — 90 degrees, therefore e — 1; 

® a strafe of 10 units, D = 10; 

e and image width W = 200 pixels. 

Applying formula 5.4 yields a loss percentage of: 

T D' 1 0 ~W 1 
L=W = 200 = °%lOSS 

We have saved transmitting 95% of the current viewable image in worst case. There­

fore waiting time is greatly reduced when the user strafes. Instead of waiting for a new 

image to arrive, we already have 95% of it available and we only need to stream the lost 

5%. (provided that depth values at the current position are available). To compute the 

overall percentage of bandwidth saving, we must take into account the depth values that 

were transmitted with the first image as well as the depth values that will be transmitted 

with the new image parts. 

In the normal approach we need to stream two images: one for the current view 

and one for the new view after the strafe. In our approach, we stream the first image 

along with its depth values. Assuming depth values are 25% the size of the image, this 

can be estimated to 1.25 images. When a strafe occurs, we stream 5% pixels of the 

new image and their depths. That means we stream 5% (pixels) +25% * 5% (depth 

of these pixels) which equals to 6.25% of the image size. Overall, we have streamed 

125% + 6.25% = 131.25% instead of 200% image size. The saving percentage 34.4% in 

the worst case. It is important to differentiate between the benefits we gained using the 

strafe idea: 
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1. Overall bandwidth saving; which is 34.4% in our example. 

2. System response time; in our example we have to wait for 5% of the new7 image 

to complete the new image while in the normal case we have to wait for an entire 

image to arrive. We have streamed less data and at the same time in priori. This 

results in a massive improvement in system responsiveness. 

The overhead suffered from transmitting depth values was compensated by saving a 

huge amount of imagery that was being sent upon a strafe. Another factor is streaming 

depth in advance improves response time for generating the new7 image. Figure 5.6(a) 

shows the view at the client's current position and 5.6(b) shows the generated view from 

a strafe to the left. The green pixels are the pixels lost due to the strafe and need to be 

streamed to the client. The amount of lost pixels in this example is 4.53% i.e. 95.47% 

of the new image was generated on the client and need not to be streamed. 

Figure 5.6: Original and strafe generated images. 

The idea of strafe transmission will prove to be a key corner stone in PPP protocol. 

The next step is to find a way to transform any movement to a strafe movement and 
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therefore generalize this idea over any type of movement. 

5.6 Directional User Movement Streaming - Key Par­

tial Panoramas 

The next question to answer is how to generate an image for the user when he rotates, 

i.e. changes where he looks, and then moves in the new direction. We introduce a notion 

called key partial panorama; which is a partial panorama at a certain position that is 

used to generate views at other positions and rotations. Figure 5.7 visualizes the idea. 

The user is at the center of the circle. The circle's perimeter represents positions the 

user might navigate to from his current position, obviously by rotating in a direction and 

moving forward. The user initially faces the direction of position A. He then rotates by 

an angle of 9 and moves forward. Normally, we would need to stream a partial panorama 

at position B centered towards orientation 8. 

Figure 5.7: 0° rotation followed by a forward movement by D units to position B. 

The quick strafe movement idea however can be applied to this situation. We can 

transform the original problem to a strafe problem for which we already developed an 

efficient solution. Suppose the key partial panorama was at Position .4 in the figure. 
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If this panorama, covers the orientation 9 i.e. we can rotate towards orientation 9 at 

position A; then we can strafe from A to a position B' close to B. There will be a 

margin of error 5 between the intended position B and the strafe generated position B'. 

Acceptable error percentage -̂  depends on the application. Let's calculate 5 and 

discover on what values it depends. Figure 5.8 shows the solution. 

a 

/ x/2\ " \ 

' 

Figure 5.8: 5 calculation. 

Observing Figure 5.8 and using simple trigonometry, we can derive the following: 

<§> + * 
a 

Sin( 
9. 

2' 

Sin(a) 

a 

x 

~D 

2x 

90 

Q = 90 

x - DSin(-) = DSin(a) 

S = 2xSin(a) - 2DSin(a) (5.5) 

According to equation 5.5, it can be seen that 8 increases as | (or a) increases since 

it depends on its Sin. Table 5.1 shows the error percentage of the total step size for 

different 9 rotations from the key panorama. 
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Table 5.1: Error percentage according to the step size. 
9 (degrees) -̂  (error percentage) 

45 
40 
30 

22.5 
20 
15 

11.25 
10 
5 

4.5 
1 

29.3% 
23.4% 
13.4% 
7.6% 
6% 

3.4% 
1.9% 
1.5% 
0.3% 
0.3% 
0.15% 

The smaller the rotation, the smaller error margin 6. which infers more accurate re­

sults. If we have a key partial panorama at where the user moves forward in the direction 

of a horizontal angle A and vertical angle fx, and this partial panorama covers 9 horizon­

tal rotations and fj vertical rotations, we can generate viewable parts of panoramas for 

any forward movement in any direction between A — 9 and A + 9 horizontally and any 

direction between /j. — Q and u + p vertically. The non viewable parts of the panorama 

at the new position are streamed normally. 

The value of 9 is extremely important since it determines the size of the key partial 

panorama and the number of key partial panoramas needed to cover movements in all 

directions. We limit 9 to be from 5 to 45 degrees. 9 values larger than 45 will result in 

big displacement errors and 9 values less than 5 does not achieve the goal of transmitting 

key imagery to generate intermediate images since nearly all images will be streamed. 

The server can change 9 values according to client movements. This means that the 

server adapts to client's movement pattern. If the client rotates little, then 9 should 

be reduced to save streaming unnecessary panoramic portions. If the client rotates a 

lot then 9 should be increased to cover larger user rotations. The maximum value of 9 

depends on the application and what margin of error is deemed acceptable. 

Pre-streaming a number of key partial panoramas that covers most probable next 
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user movement is how PPP protocol predicts next user movements. Depending on user 

movement, new key partial panoramas will be streamed in order to cover possible next 

movements. In case the system decided to ignore streaming some key partial panoramas 

for the sake of prediction; i.e. the user does not go in that direction frequently, this would 

be considered a miss. The new imagery will be normally streamed and the protocol will 

record this event and consider it in future user movements. Now we are ready to assemble 

all the ideas we discussed so far and formally layout the partial panorama prediction 

protocol. 

5.7 P P P Protocol Formalization 

All of the previous sections introduced ideas that will be used by the PPP protocol. The 

protocol depends on partial panoramas, strafe, key partial panoramas, user movement 

and user movement history. 

PPP protocol is adaptive, meaning that it behaves according to user's movements. 

Certain imagery is pre-streamed since they will be most likely used in the user's next 

movements. Others will be streamed if the need for them arises. The protocol is always 

one -or more- step(s) ahead of the user since it pre-streams necessary images to cover all 

possible movements in advance and in an efficient and bandwidth utilizing way. 

A look-ahead strategy will be employed. The server should decide the value of the 

look-ahead depending on the situation. For example a look-ahead of value 2 means that 

the server pre-streams data needed to cover 2 movements. This value depends on the 

consistency of user movement. If the user changes his route a lot then the value of the 

look-ahead should be decreased. 

Initially, the user is located at certain position (xo,ya,zo) m the virtual environment 

looking at (oriented towards) horizontal angle A and vertical angle ^. A is the rotation 

around the camera's y-axis and a. is the rotation around camera's x-axis. 

In Figure 5.9, this location is the center of the circle and the user is facing the front 
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Figure 5.9: PPP protocol explanation. 

direction. The user can rotate by any horizontal angle and move in that direction i.e. 

it can move to any point on the circle's perimeter. As seen from the figure, each key 

panorama covers an arc of the perimeter. 

The following variables are used by PPP protocol algorithms: 

Algorithm 1 COMMON VARIABLES 
I> Variables: 
1: 0 {the angle up till horizontal user rotation is covered by a key partial panorama. Ranges from 5 to 45 degrees.} 
2: j3 {the angle up till vertical user rotation is covered by a key partial panorama. Ranges from 5 to 90 degrees.} 
3: D {user step size.} 
4: Vser'Orientation {horizontal and vertical angles the user is facing.} 
5: CurreritPanorarna {Partial panorama at user's current position.} 
6: FrontKeyPanorama {Partial panorama used to generate intermediate views if the user steps forward.} 
7: BackKeyPanorama {Partial panorama used to generate intermediate views if the user steps backward.} 

Algorithm 2 lays out the PPP server protocol. 
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Algor i thm 2 P P P SERVER P R O T O C O L 

1: Save user's movement or rotation into his session and execute adaptation routine. (Ignore this step at. startup). 

2: Stream partial panorama at current position (xo, yo, zo) - center of the circle in the the figure - covering rotations from 
(X-8, u-0)to(X + 8, u + f3). 

3: Stream partial panorama at the position in front of the user, i.e. at position (XQ, yo, ZQ + D) with the same panoramic 
range since the user is facing the same direction. This is Key panorama 1 in Figure 5.9. This partial panorama is used 
if the user steps forward. It is also a key partial panorama which covers forward user movements in directions X — 0 
to X + 8. set this partial panorama as FrontKey Panorama. 

4: Stream partial panorama behind the user, i.e. at position (xo,yo,zo — D) with the same panoramic range since the 
user is facing the same direction. This is Key panorama 5 in Figure 5.9. This partial panorama is used if the user 
steps backward. It is also a key partial panorama which covers backward user movements in directions A — 8 to X + 8. 
set this partial panorama as BackKeyPanorama. 

5: Wait for a client's message. 

Action: {ClientRotation - the client rotated} 

{Check if the user is close to exceed the coverage of FrontKeyPanorama. The sensitivity of the check can be adjusted 
by the weight used.} 

6: if (Abs(VserOrientation.H — FrontKeyPanorama.H) > = 8 x weight) then 
7: Stream new panoramic portions at the user's current position to maintain a minimum of 6 degrees horizontal 

coverage and ,fl degrees vertical coverage. 

8: Update UserOrientation to new direction. 

9: Stream a new key partial panorama to cover forward movements in directions beyond (A — 8,X + 8). Closest key 
panorama is located by moving forward in the following direction : FrontKeyPanorama.H (+or—) (28) {In Figure 
5.9, this new key can be key panorama 2 or 8 depending or user's rotation direction.} 

10: Stream a new key partial panorama to cover backward movements in directions beyond (A — 8,X + 8). Closest key 
panorama is located by moving backward in the same direction as in the previous step. {In the Figure 5.9, this 
new key can be key panorama 4 or 6 depending or user's rotation direction.} 

11: end if 

{Check if the user actually exceeded the coverage of FrontKeyPanorama] 
12: if (Abs(UserOrientation.H — FrontKeyPanorama.H) > = 8) then 
13: update Front Key Panorama and BackKeyPanorama to newly sent key partial panoramas. 
14: end if 

Action: {CiientStrafe - the client strafed} 

15: Update CurrentPanorama to new position. 
16: Stream lost pixels of the viewable panorama segment and their depths. 
17: Stream the rest of CurrentPanorama partial segments normally to maintain (8,3) rotation coverage. 
18: Restart Server Side Protocol. 

Action: {Forward - the client stepped forward} 

19 
20 
21 

Update CurrentPanorama to new position. 
If a strafe occurred on the client then stream lost pixels of the viewable panorama segment and their depths. 
Restart Server Side Protocol. In this case, we omit sending the back key panorama since CurrentPanorama becomes 

Back Key Panorama. 

Action: {Backward - the client stepped backward} 

22 
23 
24 

Update CurrentPanorama to new position. 
If a strafe occurred on the client then stream lost pixels of the viewable panorama segment and their depths. 
R.estart Server Side Protocol. In this case, we omit sending the front key panorama since CurrentPanorama, becomes 

Front Key Panorama. 
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Note: all partial panoramas are streamed with their pixel depths to enable strafing 

from the client. 

The following adaptation routine is executed on the server to adapt to client move­

ments. 

Algorithm 3 ADAPTATION R O U T I N E 
1: If in recent movements, the user rotated a little and maintained a constant route, then increase look-ahead and decrease 

0. 
2: If the user does not navigate in a certain direction. E.g. does not move backward, then streaming key panoramas that 

covers backward movement can be ignored. 
3: If user changes directions constantly and in big amounts then increase 0 and decrease look-ahead. 

Listed below is the PPP client protocol. 

Algorithm 4 CLIENT P R O T O C O L 
1: while client is alive do 
2: Wait for user's next movement. 

Action: {Rotation - the client rotated} 
3: inform the server. 

Action: {Strafe - the client strafed} 
4: apply strafe movement algorithm to CurrentPanorama to generate the new viewable panorama segment at (xo + 

D,yo,zo) or (xrj — D,yo,zo) depending on the direction of the strafe (left or right). 
•5: display the new generated segment to the user. 
6: Send the indices of lost pixels to the server and inform it of a strafe movement. 

Action: {Forward/Backward - the client stepped forward of backward} 
7: if there is a key partial panorama that covers movement in the current direction then 
8: if user is facing a key partial panorama t h e n 
9: set this key partial panorama as CurrentPanorama and display it to the user. 
10: else 
11 : strafe from FrontKeyPanorama or backKeyPanorama depending on the movement and generate the new 

viewable panorama segment and display it to the user. 

12: Send the indices of lost pixels to the server. 
13: end if 
14: else 

{this case is resulting from protocol prediction that ignored sending the key partial panorama, this is considered 
a miss. Nothing can currently be displayed to the user.} 

15: end if 

16: Inform the server of the movement. 
17: end while 

It is evident that prior to user movements or rotations, the requested imagery is 

available on the client cache in full or at least most of it can be locally generated using 

the strafe algorithm. PPP protocol thus achieves the prediction of an advanced user 

scheme by using a partial panorama that covers most probable rotations at the current 
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position and by using a set of key partial panoramas which cover movements in directions 

closest to the user's current orientation. The strafe algorithm has solved the problem 

of predicting movements in any given direction efficiently and by only sending a small 

set of key imagery. The prediction now is adapted by changing the partial panoramas 

coverage and by sending key partial panoramas in directions most probably the user will 

navigate to. This is much simpler, more feasible and efficient than sending images for 

every possible future movement which worked with simple movement patterns. 

In the next section, we describe our implementation of the PPP protocol. Like any 

implementation, this implementation is not perfect. We propose solutions and algorithms 

for PPP protocol techniques such as depth compression, partial panoramas implemen­

tation, the type of panoramas to use and strafe algorithm. These issues and many more 

are implementation specific. PPP protocol performance is greatly impacted by changing 

these implementation decisions. We describe our current solutions and algorithms and 

layout current implementation problems, limitation and suggested enhancements to im­

prove PPP protocol implementation in the future. As will be seen in the performance 

evaluation later in this thesis, our PPP implementation was able to outperform IR and 

POD in terms of man}' metrics, most important of which is the waiting time for the 

new view to arrive, thus achieving better user experience alongside a better navigation 

pattern. 

5.8 PPP Protocol Implementation 

We use the cubic panorama format. This type of panoramas is the simplest. It is easier 

to render and more efficient than using spherical or cylindrical panoramas and does not 

produce image distortions such as suffered by the last two. Rendering cubic panoramas 

was explained in chapter 4. A cubic panorama consists of six Images wrapped on a cube. 

Each image is taken by a 90° x 90° field of view camera and is orthogonal to other faces, 

therefore covering all the views from a certain position in the virtual world. Figure 5.10 
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shows a cubic panorama unfolded. 
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Figure 5.10: Unfolded cubic panorama. 

We define a cubic panorama axis system to be all the directions the user can face 

from a point in the virtual environment. As shown in Figure 5.11, the X-axis represents 

horizontal orientations the user may take and the y-axis represents vertical orientations. 

Initially, the user faces the center of the front face i.e. rotation pair (0,0). As the user 

rotates and depending of the field of view, other cube faces cover new views. The cubic 

panorama covers a 360 degree horizontal and vertical rotations as shown in the same 

figure. 
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Figure 5.11: Cubic panorama axis system. 
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The implementation of the cubic panorama is shown in Figure 5.12. CubicPanora-

maFace enumerates all cube faces. The CubicPanorama class contains a hash table of 

cube faces. Each face has an image to store the pixel data and a depth matrix to store 

pixel depths needed for strafing. 

We have now shown that we use cubic panoramas and have seen how we implement 

them. The next step is to show the implementation of partial panoramas. 

CubicPanorama 

-faces: Dictionary<CubicPanoramaFace, lmageDepthPair> 

+CubicPanorama() 
+GetFace(in face : CubicPanoramaFace): ImageDepthPair 

1 

6 

ImageDepthPair 

+lmage : Bitmap 
+Depth : floatj,] 

Figure 5.12: Cubic panorama implementation. 

5.8.1 Partial Panoramas Algorithm 

Partial panoramas cover a subset of the entire view7 space. The implementation of partial 

panoramas has to identify and stream parts of the cubic panorama shown in Figure 

5.11 that cover user's current view and lip to 6 of horizontal rotations and [3 of vertical 

rotations from his current view. Another issue is how to send only the difference between 

the current view and the new orientation view. This is crucial to avoid sending the same 

data more than once. A user's current view and possible (9, d) rotations coverage can 

be mapped to the cubic panorama axis system developed as depicted in Figure 5.13. 

The small solid rectangle is the user's current view. The user faces the (0, 0) direc­

tion and has a field of view of 45 degrees both horizontally and vertically, the dotted 

rectangle contains parts needed to achieve a coverage of 45 degrees in both horizontally 

and vertically. We have to stream the whole front face and the parts of right, left, up 

«enumeration» 
CubicPanoramaFace 
+Front 
+Right 
+Left ( 
+Back 
+Up 
+Down 
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Figure 5.13: Partial Panorama for current user view. 

and down faces contained in the dotted rectangle. There are four areas outside the cubic 

panorama representation we currently have; which is explained by the fact that the up 

and down faces are shared by all front, left, right and back faces. For instance, When the 

user is facing the right face and rotates up, he sees the up face but from the right edge 

instead of the bottom edge if he faced the front face. What happens is that the up and 

down face images are simply rotated when the user horizontally rotates. In our previous 

example, the up face was rotated by 90 degrees clockwise when the user faced the right 

face. Figure 5.14 extends our panorama representation by adding extra faces derived by 

rotating the up and down faces depending on the horizontal direction of the user. 
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Figure 5.14: Extended cubic panorama representation. 
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The new faces (dotted for clarity) are derived from up and down faces. Up90 is 

derived by rotating the up face by 90 degrees clockwise, upl80 is derived by rotating 

the up face by 180 degrees clockwise and so on. Note that the down face rotates in the 

opposite direction of the up face. By mapping the same partial panorama in Figure 5.13 

to the extended representation we get the following as in Figure 5.15(a). 
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Figure 5.15: Partial panorama on the extended panorama representation. 

All the required views are now contained in the new panorama representation. For 

every face, we have to determine the parts to send and keep track of sent parts to avoid 

sending them again. For example, if the user is now facing direction (45,45), we have 

to send the difference between the new coverage and the already sent parts as Figure 

5.15(b) depicts. Rotated up and down faces have to be handled in a different way. After 

determining the areas on these derived faces, this area has to be rotated in the opposite 

direction of the face's rotation to obtain the actual area on the original face. For instance, 

the area on Up90 has to be rotated by —90 degrees to transform it back to the original 

up face. 

The theories have been identified. It is time to discuss the implementation. Figure 

5.16 shows the classes that collaborate to provide partial panorama functionality. 

SpatialCubeFace enumerates the six cube faces and the faces derived by rotating 
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«enumeration» 
SpatialCubeFace 

+Front 
+Right 
+Back 
+Left 
+Up 
+Up90 
+Up180 
+Up270 
+Down 
+Down90 
+Down180 
+Down270 

(-

c-

PartialCubicPanorama 

faceSentPortions : Dictionary<SpatialCubeFace, Region> 
newFacePortions : Dictionary<SpatialCubeFace, Region> 

+FieldOfView : DegreePair 
+Coverage : DegreePair 
+FaceDimensions : Size 

PartialCubicPanoramaO 
+Rotation(in newHorizontalRotation : Degree, in newVerticalRotation : Degree) 
+GetRectanglesToSend(in face : CubicPanoramaFace): RectangleQ 

Update)) 

^_ SpatialCubeFaceArea 

+FromFacefin face : SpatialCubeFaceArea): Region 
+FromPoinUin center: DegreePair. in fieldOfView : DegreePair. in rotationCoveraae : DegreePair): Region 
+FaceCenterfin face : SpatialCubeFaceArea): Point 
+FaceOriainn'n face : SpatialCubeFaceArea): Point 

Figure 5.16: Partial panorama implementation classes. 

up and down faces. The SpatialCubeFaceArea class provides methods that compute 

rectangles and points relative to the panorama axis system we developed. FaceCenter() 

method returns the center of a spatial cube face. For example the center of the front 

face is (0,0) and the center of the U270 face is (—90,90) -Please refer to Figure 5.14-

. FaceOrigin() returns the upper left corner of a cube face. For example, (45,45) is 

the origin of the right face. FromFaceQ method returns the face's rectangle in the axis 

system which is simply made of the face's origin and it's size which is always 90 in width 

and height. FromPointQ method computes the rectangle centered at a certain point 

(rotation pair) given a field of view and the desired coverage. This method will be used 

to compute the coverage needed for a certain user direction. 

SpatialCubeFaceArea services are used by the PartialCubicPanorma class which holds 

all the information of the partial panorama. PartialCubicPanorma needs to know the 

image size for a cube face so that it can transform degree coordinates into image pixels, 

the FaceDimensions property can be set to the face image size. Also needed is the field of 

view and the desired coverage. Those can be set by the FieldOfView and Coverage prop­

erties. To compute face areas needed to be streamed upon a. client rotation, Rotation() 

method is called and passed the client's new rotation. PartialCubicPanorma automati­

cally computes the new areas on each face that needs to be sent considering already sent 
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areas to eliminate streaming data more than once. After that, GetRectanglesToSend() 

method can be called to return a set of rectangles in pixel coordinates that needs to be 

streamed for each cube face. After sending these new parts to the client, the Update() 

method is called to add the newly computed areas to sent areas to avoid sending them 

in the future. 

The following pseudo code shows the partial panorama algorithm implemented by 

the aforementioned set of classes. Please refer to Figure 5.14 for clarity. 

Listing 5.1: Partial panorama algorithm implementation 

/ / V a r i a b l e s 

/ / r e g i o n s of e a c h s p a t i a l c u b e f a c e a l r e a d y s e n t t o c l i e n t 

i) i t l i fusai y <;i-j)Ji. I:sl Cur."'F;-!.!.\; , .Rogieai> f a c e S e n t P o r t i o n s ; 

/ / r e g i o n s of e a c h s p a t i a l c u b e fa.ee p r o d u c e d f rom a r o t a t i o n and h a v e n o t 

/ / b e e n s o o t y e t t o t h e c l i e n t . 

l-k-1, i o e a i \i ; < f e p a ' . i a s C u be P a c e . R e g i o n > n e w F a c e P o r t i o n s ; 

/ / P r o p e r t i o s 

/ / c l i e n t ' s f i e l d of v iew 

Dc | -ve : -P : ; i r F i e l d O f V i e w ; 

/ / d e s i r e d r o t a t i o n c o v e ! ' a g e 

Doe ' rer-Fa i i C o v e r a g e ; 

/ / e n h e f a c e p i x e l d i m e n s i o n s , u s e d t o t r a n s f o r m p a n o r a m a 

/ / s y s t e m p o i n t s t o i m a g e p i x e l s 

P i > e F a c e D i m e n s i o n s ; 

/ / I n i r i 1 i z a r i o a 

p u b ] ic P a r t i a l C u b i c P a n o r a m a ( ) 

{ 

/ ' / i n i t i a l i z e s u n t and new p o r t i o n s f o r e a c h s p a t i a l f a c e t o e m p t y r e g i o n 

for e a c h s p a t i a l c u b e f a c e 

{ 

f a c e S e n t P o r t i o n s [ f a c e ] = e m p t y r e g i o n ; 

n e w F a c e P o r t i o n s [ f a c e ] = e m p t y r e g i o n ; 

} 

} 

/ / C a l c u l a t e s nev.- p o r t i o n s t o lie s e n t noon a C l i e n t r o t a t i o n 

http://fa.ee
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// n e w i i o r i z o n t a l R o t a t i o n : new h o r i z o n t a l d i r e c t i o n t h e u s e r i s f a c i n g 

/ / n e w V e r t iea I Rot. a t i o n : new v e r t i c a l d i r e c t i o n t h e u s e r i s f a c i n g 

p u b l i c v o i d R o t a t i o n ( D e g r e e n e w H o r i z o n t a l R o t a t i o n , D e g r e e n e w V e r t i c a l R o t a t i o n ) 

{ 

, / / g e t u s e r ' s new v i e w w h i c h i s c e n t e r e d a t t h e new u s e r r o t a t i o n 

/ / and c o v e r s t h e p r e s e t r o t a t i o n s 

R e g i o n u s e r N e w V i e w = Fpa . rFFCx; b e F s c r : Are.--!.. F r o m P o i n t ( n e w H o r i z o n t a l R , o t a t i o n , 

n e w V e r t i c a l R o t a t i o n , F i e l d O f V i e w , C o v e r a g e ) ; 

,//' f o r e a c h s p a t i a l panorama f a c e , c a l c u l a t e t h e new p o r t i o n s 

/ / t o s e n d to t h e c l i e n t 

for e a c h s p a t i a l c u b e f a c e 

{ 
^t t t ' i o a r e a of t h e c u r r e n t s p a t i a l f a c e 

f a c e A r e a = Spr-U:h=.i < 'Inh^Fi'-.^eA von . F r o m F a c e ( f a c e ) ; 

i n j oi o c t u s e r ' s new v i e w w i t h t h e c u r r e n t face. 

n e w F a c c V i c w — I n t e r s e c t ( u s e r N e w V i e w , f a c c A r c a ) ; 

t \i I IMIC a \.y e a el y s e n i a r e a s f r o m t h i s i n. t o r s v. c. t i o n 

new Face V i e w . E x c l u d e ( f a c e - S e n t P o r t i o n s [ f a c e ] ) ; 

/ / s t o v e t h e r e s u l t in t h e t o b e s e n t h a s h 

n e w F a c e P o r t i o n s [ f a c e ] — n e w F a c e V i e w ; 

} 

} 

r e t < u r n s a s o t of r c.e i a n g l e s ( i n p i x e l s ) t o h e s e n t fo r a g i v e n c u b e f a c e 

p r i v a t e R o r t a a i g b o F [] G e t R e c t a n g l e s T o S e n d ( C u t e e P a n or .ansa Fee :>: f a c e ) 

{ 
P.egiou t o t a l F a c e A r c a = n u l l ; 

V p i t r r a r o t a t i o n M a t r ix = new F b m : : x : ( ) ; 

XbDn:: t r a n s l a t i o n M a t r i x = new M ; » r ; j ( ) ; 

b o a i so ..F hi be!- s p a t i a l F a c e = ( b n a t l a K . b i F e F a c e ) f a c e ; 

/ / if The r e q u e s t e d f a r e i s n o t UP or Dovvn trier: r e t u r n i t s a r e a 

if ( f a c e != "a; biep:; u ,,,:,,;.;,! Fu .e .Up &&, f a c e != F u b e / P a u . :«: ; : : : ib.fi- . Down) 

{ 

t o t a l F a c e A r e a = n e w F a c e P o r t i o n s [ f a c e ] ; 

} 

/ / o t h e r t h a n t h a t , wo h a v e t o u n i o n t h e f a c e a n d i t s r o t a t i o n f a c e s a r e 

/ / ( e . g . Up a n d i t s tTpt'O , Up 180 ; Upb7U f a c e s ) 

e l s e i f ( f a c e = C u b a P o . i a s s a a a F s o e . Up) 

{ 

http://ib.fi-
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totalFaceArea = newFacePortions [ Spat iaF FibeFaee .Up] ; 

/ / Transform Up90 new areas to match the Up face 

u.i;g;o!i UpBy90 = newFacePortions [ Spatia ! Cnh, Fa;:e . Up90 ] ; 

/ , / r o t a t e by -90 around UptK) face center 

rotation Matrix . RotateAt(-90, SpatiaiCvi bcPacaFVia-a . FaceCenter ( Sp,i.i ia.K a: |:(4"sf.; . Up90 ) ) ; 

upBy90 . Transform( rotationMatrix ) ; 

/ / t r a n s l a t e by -90 

trans lat ion Matrix . Tr an slate ( —90, 0); 

upBy90 . Transform (translat ionMatrix ); 

/ / Transform Upl80 new areas to match the Up 

RcgKii) upByl80 = newFacePortions [ SpasFFFiibo' 

/ / r o t a t e by ISO around UplSO face center 

rotationMatrix . RotateAt(-180, Spa.tia UFbaFaa 

upByl80 . Transform ( rotationMatrix ) ; 

/ / t r a n s l a t e by 180 

trans lat ionMatr ix . Translate( — 180, 0); 

upByl80 . Transform( translat ionMatrix ); 

/ / Transform Up270 new areas to match the Up 

Region upBy270 = newFacePortions [ Spat iaHFFap 

/ / r o t a t e by -"270 around Up270 face center 

rotationMatrix . RotateAt( -270 , SpajbalCF: beFaoi 

upBy270 . Transform( rotationMatrix ); 

translat ionMatrix . Translate (90 , 0); 

upBy270 . Transform (translat ionMatrix ); 

/ / add the tra nsformod Up90. Upl80 and Up270 new aa'eas to the totad new face area 

totalFaceArea . Union (upByOO); 

totalFaceArea . Union (upBylSO ); 

totalFaceArea . Union (upBy270 ); 

} 

e l s e i f ( f a c e = > ":;S !•:!: ; .aor amai "a; - .Down) 

{ 

/ / add the Down nevv areas to t o t a l area to send 

totalFaceArea. = newFacePortions ( h pari a U ,-•:• .Down] ; 

/ / Transform DowriOO new areas to match tip- Down fact; 

[fo;;!.):; downBy90 = newFacePortions [ HoatA a: i boFas a . Down90] ; 

f a c e 

•'see .Upl80] ; 

• Area . FaceCenter ( S p " 1:1 a.! ( : ah,; Face . UplSO ) ) ; 

•:,ce .Up270]; 

Area. FaceCenter ( SpanalC'.ihoFsec . Up270 ) ) ; 
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/ / ' r o t a t e by 90 around Down90 face center 

r o t a t i o n M a t r i x . R o t a t e A t ( - 9 0 , S p a ; a a i C e b e F a ! 

downBy90. Transform ( r o t a t i o n M a t r i x ) ; 

/ / t r a n s l a t e by 90 

t r a n s l a t i o n M a t r i x . T r a n s l a t e ( 9 0 , 0 ) ; 

downBy90. Transform ( t r a n s l a t i o n M a t r i x ) ; 

eAroa . FaceCenter ( boa t . Down90)) ; 

/ / Transform Down.180 new a r e a s to match the Down face 

Region downByl80 = newFacePort ions [ HpathiKbi boFaoo . DownlSO ] ; 

/,/ r o t a t e by 180 around DownlSO face c e n t e r 

r o t a t i o n M a t r i x . RotateAt ( — 180, Spa InuC' j beFbu:oAr , ;a . FaceCenter ( S; 

downBylSO . Transform( r o t a t i o n M a t r i x ) ; 

/ / t r a n s l a t e by 180 

t r a n s l a t i o n M a t r i x . T r a n s l a t e ( — 180, 0 ) ; 

downBylSO . Transform^ t r a n s l a t i o n M a t r i x ) ; 

. Downl80 ) ) ; 

/ / Transform Down270 new a r e a s to match the Down face 

Rc-KJnn downBy270 = newFacePort ions [ $ ns< <• -i .VI (' iibcF 'a: •••• . Down270 ] ; 

/ / r o t a t e by 270 around Down270 face c e n t e r 

r o t a t i o n M a t r i x . R o t a t e A t ( - 2 7 0 , Spsu i aK-ubeFace A res . FaceCenter ( Sj 

downBy270 . Transform ( r o t a t i o n M a t r i x ) ; 

/ / t r a n s l a t e by 90 

t r a n s l a t i o n M a t r i x . Trans la te (—90 , 0 ) ; 

downBy270 . T r a n s f o r m ( t r a n s l a t i o n M a t r i x ); 

. Down270 ) ) ; 

/ / add the t ra nsfcnTaed Do\vri9(), De>wnl80 and Down270 new a r e a s tc 

to ta lFaceArea . Union (downBy90 ); 

total Face Area . Union (downB\T80 ); 

to ta lFaceArea .Union (downBy270 ) ; 

re to>tal new face a r e a 

.'i't t o t a l F a c e A r e a to a se t of r e d : an .gies 

: [] faceRects = to ta lFaceArea . GetRegionScans ( ) ; 

/ / t r a n s f o r m t lrcsc r e r t a D ^ i c s irore anrdo ci 

for (irit i = 0; i < faceRect s . Length : -H-i ) 

d i i i a t e s t o n i x o i 

;:.;]eF rect = faceRect s [ i 

or ig inPx = Y'-)'iur. . Empty ; 

o r i g i n P x . X = ( i n t ) ( ( rect . Left — :: pe :s Kb; bcF'nc' A e . FaceOrigin ( s p a t i a l F a c c ) .X) * 

(FaceDimensions .Width / 9 0 . 0 ) ) : 
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o r i g i n P x . Y = ( i n t ) ( ( r e c t . Top — Sp; i r i a i C u h e F a t : e A r t s . F a c e O r i g i n ( s p a t i a l F a c e ) .Y) * 

( F a c e D i m e n s i o n s . H e i g h t / 9 0 . 0 ) ) ; 

S i ™ •-: s i z e P x = S' 7. i': . Empty ; 

s i z e P x . W i d t h = ( i n t ) ( r e c t . W i d t h * ( F a c e D i m e n s i o n s . W i d t h / 9 0 . 0 ) ) ; 

s i z e P x . H e i g h t = ( i tit ) ( r e c t . H e i g h t * ( F a c e D i m e n s i o n s . H e i g h t / 9 0 . 0 ) ) ; 

f a c e R e c t s [ i ] . L o c a t i o n = o r i g i n P x ; 

f a c e R e c t s [ i ] . Six;: = s i z e P x ; 

} 

/ / r e t u r n c u b e f a c e t r a n s f o r m e d a r e a s 

r e t u r n f a c e R e c t s ; 

} 

/ / ' / a d d s new a r e a s i'.o s e n t a r e a s 

p u b l i c v o i d U p d a t e ( ) 

{ 

/ / add t h e now a r e a s t o s e i i i a r e a f o r a l l s p a t i a l c u b e f a c e s an.d e m p i y t h e new a r e a s 

f o r e a c h s p a t i a l c u b e f a c e 

{ 

f a c e S e n t P o r t i o n s [ f a c e ] . U n i o n ( n e w F a c e P o r t i o n s [ f a c e ] ) ; 

n e w F a c e P o r t i o n s [ f a c e ] . MakeEmpty ( ) ; 

} 

} 

This algorithm only approximates needed images to cover certain rotations. There 

will be a difference between the sent areas using this algorithm and the actual needed 

ones, since our algorithm is based on unfolded cubic panorama. In the future, more 

sophisticated algorithms that exactly compute the areas needed to achieve a certain cov­

erage can be developed. These algorithms have to take into account the 3D mathematics 

involved in the cube shape of the panorama. 

5.8.2 Depth Compression / Decompression 

PPP protocol uses the strafe idea on the client to save streaming most of the requested 

images. Strafing though, requires pixel's depths in order to compute their displacements 

correctly. Therefore, depths are always sent with the pixels. Compressing depths can 
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greatly enhance PPP 's performance. An idea used in the implementation is indexing. 

Instead of sending a depth value for each pixel, we can take advantage of pixels having 

the same depth. If we some how stored the depth in an index list and encoded its 

position in the list into the pixels data, we can save a lot of bandwidth and speed up the 

PPP protocol. 

Pixel data is encoded as PNG. PNG is a lossless compression algorithm, it preserves 

the exact pixel data after decompression. If we find a way to encode the depth's position 

into the pixel before compressing the image as PNG, then we can recover the depth and 

use it on the client. Prior to compression, we use a 32 bit per pixel (bpp) bitmap format. 

Each pixel is represented by 4 bytes holding its red, green as blue color components as 

well as an additional byte for the pixel's transparency (alpha channel). We can use the 

transparency byte and store the depth's index in the depth list. However, since we are 

only using 8 bits, we can only encode 28 = 256 positions in the pixel. Most likely, we will 

need a list more longer than that to store image depth indices. We can use to two least 

significant bits of the red, green and blue channels to extend the size of the list. This 

means, the pixel will be modified, but since we are only using the least two significant 

bits, the difference will most likely be unnoticeable. The worst case is a channel difference 

of 3 if the two bit were zeros and were set to ones after the encoding of the depth or vise 

versa. Figure 5.17 shows the channels of a pixel and the bits we use to encode depth 

index. 

Using this technique, we can index up to 16384 depths. What if there were more 

distinct depth values than this number? The answer is that we reserve the largest 

number we can encode; 16383, to indicate that the depth of the pixel was not encoded. 

Upon decompression, an overflow index is positioned at 16383 and is incremented each 

time it encounters a pixel with this special depth. This means the the behavior is now as 

the normal case with no compression at all. Our implementation uses the six bits of the 

color channels to store the depths segment index and the eight alpha channel bits stores 

the depths offset. The depth list is divided into 64 segments each has a length of 256. 
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Figure 5.17: Depth index compression into pixel data. 

A depth's index can be obtained by multiplying it's segment number by 256 and adding 

the offset. Listed below are the compression and decompression algorithms in details. 

Listing 5.2: Depth Compression Algorithm 

/ / encodes dep th v a l u e s i n t o an imago and r e t n r n s a dep th i ndex l i s t 

/ / c o l o r : image to be encoded i n t o 

/ / d e p t h : dep th v a l u e s for each p i x e l 

,// a r e a : a r ea o 

color , f loat [ ,] depth . 

the image to encode 

/ / r e t u r n s : dep th index l i s t 

public s t a t i c List < f l oa t > Encode(ref Bki 

{ 
/ / dep th l i s t 

!i>T' <f loat > depthlndex ~ new f i s t < f l o a t > ( ) ; 

/ / hash t a b l e t h a t maps a dep th va lue to a p o s i t i o n in the dep th li 

DM tkiUii ;:y < f l oa t , i n t > depthToIndex = new I>i ::t ion;;: y < f loa t . i n t > ( ) ; 

area) 

for ( i n t i = area .Top; i < area.Top + a r e a . H e i g h t ; H i ) 

{ 
for (int. j = area . Left ; j < area . Left + area . Width; ++j ) 

{ 

if (! depthToIndex . ContainsKcyf depth [ i , j ] ) ) 

{ 

/ / if Die dep th ot tiie c u r r e n t p i x e l is new, then add it 

depth lndex .Add(depth [ i , j ] ) ; 

depthToIndex . Add( depth [ i , j ] , depthlndex . Count — 1); 

} 
else if (depthToIndex [depth [ i , j]] >= 16383) 

the depth index list 
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{ 

/,/ it' the d e p t h ' s p o s i t i o n in t h e l i s t is beyond the maximum l i m i t then add 

/ / i t normal ly to the l i s t 

depth lndex . Add(depth [ i , j ] ) ; 

} 

/ / dep th index l i s t wi l l be d i v i d e d i n t o 64 s e g m e n t s , each segment 

/ / is 256 e n t r i e s l o n g . P i x e l ' s dep th can be l o c a t e d by i t ' s segment 

/ / and o f f s e t . the segment wi l l be enet>dec:l i n t o t h e 2 l e a s t s i g n i f i c a n t 

/ / b i t s of R, G, B components of t he p i x e l , t he off e s t wi l l be s t o r e d 

/ / in tlie A component . 

byte segment; 

byte o f f s e t ; 

if (depthToIndex[ depth [i , j ] ] >= 16383) 

{ 

/ / depth index c a n n o t be encoded , s e t the segment to (53 and the p o s i t i o n to 255 

/ / t h i s i n d i c a t e s to t h e decode:!' to advance i t s over f low index ami read 

/'/ the next depth va lue 

segment = 63; 

o f f s e t = 255; 

} 
e l s e 

{ 
segment = ( b y t e ) (depthToIndex [ depth [ i , j ] ] / 256 ) ; 

o f f s e t = ( b y t e ) (depthToIndex [ depth [ i , j ] ] % 2 5 6 ) ; 

} 

( .ska c u r r e n t P i x e l = color . GetPixe l (j , i ) ; 

/ / c l e a r the 2 l e a s t s i g n i f i c a n t b i t s of R, G, B components 

c u r r e n t P i x e l R fc= OxFC: 

c u r r e n t P i x e l .G &= OxFC: 

c u r r e n t P i x e l .B fe= OxFC; 

/ / b lue wi l l s t o r e the 2 l i g h t most b i t s of the segment 

c u r r e n t P i x e l .B |= ( byte )( segment & 0 x 0 3 ) ; 

/ / green will s t o r e t he next: 2 b i t s of the segment 

c u r r e n t P i x e l .G | = (byte ) ( ( segment & OxOC) » 2 ) ; 

/ / i'Cii wi l l si: o re the next 2 b i t s oi: the sogmevn: 
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c u r r e n t P i x e l .R |= ( byte ) ( ( segment & 0x30) » 4 ) ; 

/ / A wi l l s t o r e t he d e p t h ' s o f f s e t from the b e g i n n i n g of. i t s segment 

c u r r e n t P i x e l .A = ( b y t e ) ( o f f s e t ) ; 

color . S e t P i x e l (j , i , c u r r e n t P i x e l ) ; 

} 

} 

return d e p t h l n d e x ; 

} 

Listing 5.3: Depth Decompression Algorithm 

/ / decodes dep th va lue s from an encoded image 

/ / c o l o r : image from which depth v a l u e s w i \ I be decoded 

/ / d e p t h l n d e x : dep th index l i s t 

/ / d e p t h V a i u e s : m a t r i x to w r i t e depth v a l u e s to< /para rn> 

/ / a r e a : a rea of d e p t h V a l u e s to w r i t e decoded d e p t h s to 

publ ic s t a t i c void Decode(Bil:niap color , Lis*; < f loa t > depthlndex , ref f l oa t [ ,] depthValues 

area) 

{ 

int overf low = 16383; 

int. depthRow = (area = n u l l ) ? 0 : area . Top: 

int depthColumn = (area = n u l l ) ? 0 : area . Left ; 

for ( i n t i = 0; i < area . Height; + + i ) 

{ 

for ( i n t j = 0; j < area .Width; ++j ) 

{ 

Color p ixe l = color . GetPixe l (j , i ) ; 

/ / read t he depth segment from the RGB components 

byte segment = Convert . ToBytc ( ( ( p ixe l .R & 0x03) « 4) | ( ( p i x e l .G & 0x03) « 2) 

| ( ( p i x e l .B & 0 x 0 3 ) ) ) ; 

segment &= 0x3f; 

byte o f f s e t = p ixe l .A; 

int l i s t P o s i t i o n = segment * 256 + o f f s e t ; 

l i s t P o s i t i o n = ( l i s t P o s i t i o n = 16383) ? over f low! 1 : l i s t P o s i t i o n ; 

depth Values [ depthRow . depthColumn] — depthlndex [ 1 i s t P o s i t ion ] ; 

depthColumn++; 

} 
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depthRow++; 

depthColumn = area . Left ; 

} 

} 

These algorithms are implemented by the DepthMapCoder class shown in Figure 

5.18. 

DepthMapCoder 

+Encode(inout color: Bitmap, in depth : floatf.l. in area : Rectangle): List<float> 
+Decoden'n color: Bitmap, in depthlndex : List<float>. input depthValues : floatf.1. in area : Rectanalel 

Figure 5.18: Depth compression/decompression implementation class. 

To compress depths for an image, Encode() method is called and passed the image 

pixels, pixels depths, and an area in the image to compress. The method encodes the 

depth indices into the image and returns a depth index list. To decompress depths from 

an image, Decodef) method is called and passed the image, the depth index list, and 

the area to decode. Also passed is a matrix of depths to be filled by the method with 

decoded depths. 

5.8.3 Panorama Data Streaming Mechanism 

We have now specified how we implemented partial panoramas and how we compress 

pixel depths to speed up the protocol. Our PPP implementation follows the formalization 

shown in section 5.7. The specific scenarios and use cases are already well defined there 

and do not have to be replicated here. An interesting piece of the puzzle still missing 

is how we incorporate partial panoramas and depth compression in our implementation. 

How do we send partial panoramas? and how does the client know how to use the 

incoming data and render it correctly? 

Well, when the server renders a panorama and computes it's parts to send to client, 

and after depths are compressed, it sends a PartialPanoramaData message to the client 
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containing the following data: 

• Panorama Id: The Id of the panorama this data segment belongs to. 

• Cube Face: Specifies which face of the cube this data belong to. 

• Area: Specifies exactly where on the cube face this data segment should be placed. 

• Pixels: Depth encoded pixel data of the segment. 

• Depth Index List: A list of depth values to be used when decompressing depth 

values from pixels. 

Using this information, the client is able to locate the panorama, the panorama face 

and position on the face to update and update it with the received pixels and depths 

decoded using the attached depth index list. 

To complete the picture, here is an example of sending a partial panorama when the 

user faces (45,10) direction. 

Listing 5.4: Sending a partial panorama 

/ / r ende r a cub ic panorama 

' ..PPii< .Pi::)'.)! • iit ia panoramaData = V i t ua lPa v a 'os; men t . RenderCubicPanorama ( ) ; 

/ / send the ID of t h i s panorama to t he c l i e n t 

Pe : --aa Mi-ii ;<-\.\:,r msg = new P-.a v ::: ' PP.':fiianu: ( Serve; \ i i.: ̂  ̂  i .;.-f - - -.. i-io .«-.."" c; bk Paaiaauiei; , new objec t [] { s o m c l d } ) ; 

CoraraAgent. SendMessa.ge ( ipEndPoint , msg ) ; 

/ / c r e a t e arid c o n f i g u r e a p a r t i a l panorama 

Pa i iipu ( P; i a c ip i iiiai ifaiii partial Pan or a malnfo — new Pa vt i:s P •:: h ie P a a e ; a raa () ; 

part ia lPanoramalnfo . FaceDimensions = new a;::.: (200 P200) ; 

part ia lPanoramalnfo . FieldOfView = new .eTPi a (90 , 75 ) ; 

partial Panoramalnfo . Coverage = new P aa a a a a ; (20 , 1 0 ) ; 

/ / cornpute p a r t i a l ]!aiir>rama segments for a l o c a t i o n to {45 PI 0) deg ree p a i r 

part ia lPanoramalnfo . Rotation (45 , 10 ) ; 

/ / send p a r t i a l panorama segments to c l i e n t 

for each ( face in Piil-ii l!Mior:iR:,iiPici) 

{ 
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// ' get cur ren t , face a r e a s to send 

Rect; F [] faceAreas = part ia lPanoramalnfo . GetRectanglesToSend ( face ); 

for each ( K 

{ 

-ct iuwioF currRect in faceAreas ) 

Bitmap cubeFacelmage = panoramaData [ face ] . Image ; 

f l oa t [,] cubeFaceDepth = panoramaData [ face ] . Depth ; 

/ / encode t h i s p i x e l ' s d e p t h s 

? \ i ? * < f l o a t > dep thLi s t = DepihMapC'.kh:!'. Encode ( ref cubeFacelmage, cubeFaceDepth, c u r r R e c t ) ; 

/ / copy c u r r e n t p a r t i a l da t a 

liurK-jp p a r t i a l l m a g e = cubeFacelmage . Clone ( rect 

M'nusi yMrouiii stream = new Mtiaiii yi>i • ; e&tj; () ; 

p a r t i a l l m a g e . Save (stream , ImageForrnat. Png); 

a t . Format32bppArgb ) : 

So: vci/ilevsiigo part ia lPanoramaData = new Si- - ( 

new o b j e c t [ 5] ) ; 

part ia lPanoramaData . Body [0] = someld ; 

part ia lPanoramaData . Body [ 1 ] = f a c e ; 

part ia lPanoramaData . Body [2] = r e c t ; 

part ia lPanoramaData . Body [3] = ( o b j e c t ) stream . ToArray ( ) ; 

part ia lPanoramaData . Body [4] = d e p t h L i s t ; 

CommAgent. SendMessage ( ipEndPoint , part ia lPanoramaData) ; 

. PartialPanoramaData , 

/ / nijU'k t he p ; u t s we j u s t sen!- as s e n t 

panolnfo . Par t ia lPanoramalnfo . Update () ; 

5.8.4 Current Implementation Status, Problems and Limita­

tions 

The current implementation is a first version prototype. Many aspects have not been 

optimized. Rendering cubic panoramas is done in a simple way and is currently slow. 

With careful techniques related to the 3D library used, rendering times can be massively 
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improved. More advanced algorithms for computing partial panoramas can be developed 

in the future. Another formats of panoramas can be used if proved to be more efficient 

and easier to render than cubic panoramas. The current implementation does not include 

adaptiveness nor look ahead strategies. All the parameters are static at the moment. 

This feature is left for the future for more advanced research. Problems related to image-

based rendering such as occlusion caused by revealing objects which were hidden before 

moving to the new position, are not solved and are considered outside the scope of this 

thesis. 

The implementation is still in its first version and needs more time, resources and 

further research to reach to a stage where it can be turned into a product and where 

we can realize the full potential of the PPP protocol ideas we have identified in this 

chapter. The performance evaluation done on the PPP protocol is specific to the current 

implementation. Therefore, the results can be improved by improving the implementa­

tion. Some limitations in the implementation result in issues such as long experiment 

execution times. These issues are not part of the abstract ideas we have introduced, 

rather they are tied with the PPP implementation we currently have. 

5.9 Summary 

In this chapter, we introduced the partial panorama prediction (PPP) protocol. We 

specified the objectives of the protocol as to provide mobile clients with rich navigation 

schemes arid maintain interactive response times. PPP protocol relies on predicting next 

user movements and streaming them in advance to the client. This is quite challenging 

having complex navigation options available to the user. The user may travel in any 

direction (without changing altitude). We introduced partial panoramas which are a 

subset of a full panorama. They save valuable bandwidth and speed up the system by 

streaming only parts of the panorama predicted to be used by the user. A minimum 

rotation coverage is guaranteed on the client, meaning that up to a certain amount of 
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rotations are pre-streamed to the client. When close to exceed the coverage, the server 

sends new parts of the panorama to maintain the coverage. 

We also introduced the strafing idea and saw how it can generate the image at the 

new position mostly from the current image. This avoids sending the new image upon 

request and enables the client to use the current image to generate most of the new image. 

Strafing need pixels depths since it uses 3D transformations to transform the pixels. The 

idea of the strafe movement was generalized to any movement in any direction by strafing 

from a key partial panorama. A key partial panorama is placed in a position close to 

the user's current position and maintains a certain rotation coverage. Depending on 

this coverage amount, this key panorama can be rotated and used as a strafe source to 

generate images at close positions. 

Combining the ideas, of partial panoramas, minimum rotation coverage and key par­

tial panoramas, PPP is able to predict and pre-stream data needed to generate the next 

view or at least most of it. This results in a major achievement over traditional ideas 

where data is only sent upon request. PPP is always ahead of the user and it adapts to 

user movement patterns by changing its parameters. We then showed our implementa­

tion of PPP . We discussed the partial panoramas algorithm is details as well as depth 

compression/decompression. 

In the next chapter, we evaluate the performance of PPP against existing ideas 

categorized either as IR or POD protocols. 



Chapter 6 

Performance Evaluation 

At this point, we have developed a new image-based streaming protocol; PPP , imple­

mented it and integrated it into our virtual environment streaming system. It is now time 

to evaluate its performance against other existing protocols. Section 1 of this chapter 

describes the hardware used for the rendering server and the mobile clients as well as the 

software used to implement the protocols and the virtual environment. Section 2 then 

explains what scenarios we use in our experiments and how we generate these scenarios. 

Section 3 presents a special prototype system that we used to evaluate the protocols' 

performance. Section 4 shows and analyzes our experiments results for different sets of 

experiments. These experiments were conducted on our implementation of the protocols 

explained earlier in this thesis, therefore results apply to the implementation in specific 

and can be improved by improving the implementation as we stated in chapter 5. 

100 
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6.1 Experiments Hardware and Software Specifica­

tion 

The server machine has the following specifications: 

• 2.8 GHz AMD Opteron processor. 

• 2GB of RAM. 

• Dual GPU Nvidia Quadro FX4500 X2 with 1GB of DDR3 RAM graphics card. 

The mobile client is an HP iPAQ hx2790 PDA equipped with the following: 

® Intel Xscale processor clocked at 624 MHz. 

• 64MB of RAM and 192MB of ROM. 

• 802.11b compliant radio interface. 

• Windows Mobile 5.0 [58]. 

Regarding the network topology used in the experiments, the server is connected to 

a 802.11b compliant wireless access point, and the mobile devices (PDA) connect to the 

server through the wireless access point. No data encryption is used and there is no cross 

traffic in the testbed network. 

The server software is fully written in C # 3.5 [59] and the virtual environment ren-

derer is implemented in managed Microsoft DirectX 9.0c (MDX) [60]. The client software 

is implemented in C # targeting .net compact framework 3.5 [62] and the panorama Ten­

derer uses Windows Mobile DirectX [61]. which is a limited subset of DirectX. 

Figure 6.1 shows two screen shots of the system running. The first image shows six 

PDAs connected to the server and the second image gives a closer look to one of the 

PDAs. 
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Figure 6.1: Virtual environment streaming system screen shots. 

Figure 6.2 shows screen shots of the client application that runs on the PDA. The 

user selects a protocol and signs in and then can navigate the virtual environment using 

the selected protocol. The system supports multiple simultaneously connected clients 

each using a different streaming protocol. 

6.2 Experiments Scenarios and Metrics 

The streaming protocols need to be tested under many scenarios to truly evaluate their 

performance. Scenarios have many factors that control them. Some of these factors are: 

• Number of clients: the number of clients online and navigating the virtual envi­

ronment affects the performance of the protocols. The more clients connected, the 

more load is on the network and the server. This factor is used to show how each 

protocol scales with larger number of clients. 

• Client Navigation Paths: navigation routes taken by each client, their size, 

movement type frequencies, and consistency, greatly affect the performance of 
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Figure 6.2: Client application screen shots, 

streaming protocols. 

• Virtual Environment Complexity: the complexity of the virtual environment 

affects the processing load on the server and therefore might affect the overall 

performance of the streaming protocols. 

• Specific protocol parameters: some streaming protocols have parameters that 

control their behavior. For example, PPP can be set to different key panorama 

rotation coverages. 
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In our experiments, each client navigates according to a movement script. A move­

ment script is a text file that specifies the steps the user takes within the virtual envi­

ronment. The following commands show a small piece of a movement script: 

Forward, Forward, Forivard, Rotation^): 0), Rotation(Q : —2), Rotation(3,3), 

Backtuard, LeftStrafe, Rotation(6 : 6), Rotation(13 : 0),Rotation(0 : 5), 

RightStrafe,... 

This script moves the user 3 steps forward, then rotates 5 degrees to the right, rotates 

2 degrees up and so forth. 

A movement script generator software was developed to automatically generate move­

ment scripts to be used in the experiments. A screen shot of this generator is shown in 

Figure 6.3 
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Figure 6.3: Movement script generator software. 
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The following criteria define the path to be generated: 

• Number of movements: number of movements the user will move. Can be set 

to a fixed number or a random number in a range. 

• Movement probabilities: the probabilities of each movement type, such as: 

forward, backward, rotation, etc., can be manually set or randomized. 

• Rotation bounds: the range in degrees that a client can rotate by in both horizon­

tal and vertical directions. The user is free to rotate any where in the environment, 

these bounds only limit the amount of rotation per script command. 

The number of scripts to generate according to previous criteria can be set as well as 

the output folder of these scripts. An option to save the generated script(s) to a database 

will be described in later sections where we define the experiments framework we use. 

In our experiments, we evaluate the protocols according to different metrics, we 

define these metrics as follows: 

• Waiting time: the time difference measured between a movement request issued 

at the client and the time the client actually displays the scene it requested. 

a Network traffic: the amount of data transmitted on the network to fulfill a 

movement request. 

e Local cache hit: a percentage that indicates if the requested view was already 

stored on the client. A 0% cache hit means that no data at all was on the client 

and the server had to stream the whole new view. A 100% cache hit means that 

the client had the requested view in advance and did not have to request it from 

the server. A value between 0% and 100% indicates that a portion of the view was 

on the client while the rest was transmitted from the server. 

® Bandwidth utilization: the amount of data transmitted every second. Repre­

sents the protocols usage of the network bandwidth. 
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6.3 Experiments Framework 

A special prototype system was developed in order to evaluate the performance of the 

proposed streaming protocols. A performance test server holds the server protocols and 

accepts connections from performance test clients deployed on the PDAs. 

A database is used to store experiment runs and results. This database also stores 

movement scripts generated using the tool we described in the pervious section, and their 

different attributes. 

Initially, the performance test server starts up and listens on a special port for in­

coming connection requests from test clients. Test clients sign in sending their field of 

view and requested image size (Figure 6.4). Thereafter, for each client, the streaming 

protocol can be selected. The performance testing server is shown in Figure 6.5(a). The 

server can configure a client to run more than a session. This means the client can host 

multiple sessions to simulate multiple clients. This feature is developed to test large 

number of clients, however, it was not used in this thesis experiments. All clients in our 

experiments only run a single session. 

HFOV: l&O I width: J240 | 

VFOV: |90 I Height: |26B | 

Status: j 

Assigned Sessions: 0 

Assigned Protocol: iw-iv 

p E •' I L>J 

Figure 6.4: Performance test client. 

For each client session, a movement script that defines the user's movement is as­

signed. A movement script can be randomly selected from the database or selected from 

a file or selected from the database according to some conditions, such as: number of 

movements and movement probabilities whether fixed or in a certain range. Configuring 
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a session's movement script is shown in Figure 6.5(b). 
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Figure 6.5: Performance test server. 

After setting the protocols and configuring sessions for clients, the performance test 

commences. The server sends each client its assigned streaming protocol, number of 

sessions and movement script. The performance test client then loads the client protocol 

and starts navigating the environment. The client device keeps the server updated with 

the current viewpoint of the user. Depending on the position of the user and the data 

cached at the client, the client may request panorama segments and/or the pixel difference 

when using the strafe algorithm. The server keeps track of the movement of the virtual 

user and sends the required data accordingly. All the metrics mentioned in the previous 

section are calculated and saved into the experiments database. 
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6.4 Performance Evaluation Results 

In this section, we show the experiments we conducted. For each experiment, we specify 

the scenario used, show the results and analyze the results and justify them. The exper­

iments measure implementations of three streaming protocols. We define them as image 

response (IR), panorama on demand (Pano) and partial panorama prediction (PPP). In 

the IR approach, the client keeps requesting images as the user moves through the virtual 

environment, i.e., one movement one request. Similarly to IR, in the Pano approach the 

client sends requests for each single movement of the user, however, instead of images 

the server sends full panoramas. The user is able to rotate within the panorama, but 

it requires another panorama as the user moves to another position. The former two 

protocols are implemented by most existing solutions discussed in chapter 2. PPP sends 

a partial panorama at the user's position as well as a number of partial key panoramas to 

generate new views the user might request. We compare these protocols using the same 

platforms, softwares and methods. We run each experiment ten times and average them. 

A 95% confidence interval was used. A summary of the parameters of our experiments 

is shown in table 6.1. 

Table 6.1: Experiment parameters. 
Parameter 
Image Size 

Image Resolution 

Image Format 

Horizontal FOV 

Vertical FOV 

Number of Clients 

Network Medium 

Network Bandwidth 

Client Number of Movements 

Value 
88.43 KB 

240 x 268 

PNG 

90° 

90° 

1 - 8 

802.11b 

lhnbps 

1000 
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Figure 6.6: Average waiting time and local cache hit ratio for a random path. 

1300 

1200 

1100 

1000 

900 

800 

700 

600 

500 

400 

300 

200 

100 

0 

IR (avg 82.03 KB) • 
Pano (avg 199.55 KB) 
PPP (avg 396.118 KB) 

300 400 500 600 700 

Number of movements 

Figure 6.7: Average data traffic for a random path. 

6.4.1 Random Navigation Pa th Experiments 

In the first set of experiments, we evaluate the protocols performance as a function of the 

number of movements. To this end, we have generated a script composed of 1000 random 

movements that represents the users navigation within the virtual environment. As 

depicted in Figure 6.6(a). the average waiting time of our proposed protocol outperformed 

the other protocols evaluated. This is due the following characteristics of our scheme: 

firstly, we employ partial instead of full panoramas, which explains the advantage of our 

approach compared to the panorama on demand; secondly, the data required for the next 
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movement is always pre-streamed to the client, this includes the panorama segment that 

represents the current viewpoint plus key partial panoramas used to generate new views 

based on the most probable future users movements. In the case of a user rotation, the 

current partial panorama guarantees that the next view is already cached at the client. 

Therefore, our scheme outperforms the IR approach since an IR client requests a new 

image for every single users movement. In the case of a change in the users position, e.g., 

forward, backward, and strafe, the PPP protocol will either use a key partial panorama 

when the user moves towards its position, or strafe from the closest key partial panorama. 

Therefore, the client will have most of the new view, if not all of it, already available 

in its cache. When the next view is partially available at the client, the missing parts 

are streamed from the server. These missing parts are significantly smaller than an 

entire image or panorama. The long waiting time observed in the panorama on demand 

approach is caused by the streaming of entire panoramas upon each user movement. The 

high local cache hit percentages of PPP, 99.2% in average, explains the advantage of our 

protocol, as shown in Figure 6.6(b). The IR approach does not use any cache for next 

user movements, thereby its cache hit is always 0%. The panorama on demand, on the 

other hand, streams full panoramas and the new views are rendered locally when the 

user rotates. However, when the user moves, a new full panorama is streamed, which 

results in a low cache hit ratio. 

The averages of the data traffic generated by the protocols are presented in Figure 

6.7. As expected, among the three protocols, IR is the one that uses less bandwidth on 

average. This is due to the fact that IR only sends the required image for the current 

view, whereas panorama on demand streams a full panorama when the user moves, and 

PPP streams multiple partial panoramas, including compressed depth values for the 

current position and key partial panoramas. The high bandwidth usage of PPP enables 

the scheme to achieve better delay performance than the evaluated protocols since most 

of the imagery data is streamed and cached in advance. This way, the client has all 

the data, available locally before the user moves to a new postion.The high bandwidth 
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of PPP is majorally caused by sending depth values. Although we use a compression 

scheme that sends an depth index list instead of raw depths, depth values still resemble 

most of what is being sent. As future work, depth sizes can be reduced by using an 

in-memory compression scheme to compress depth's float values. 

6.4.2 Rotat ion Weighted Pa th Experiments 

In the second set of experiments, we evaluate the protocols under movement scripts with 

different percentages of rotations. 

£? 1000 -

1 

1 

1 • 

---*---

1 IR 
PANO 

PPP 

;--*-•-:-

--*--

-¥- - . --) 

A
ve

ra
ge

 C
ac

he
 H

il 
(%

) 

t 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0 10 20 30 40 50 60 70 I 

Movement pattern: percentage of rotations 

30 40 50 60 70 

Movement pattern: percentage of rotations 

(a) Average waiting time (b) Client's local cache hit ratio 

Figure 6.8: Average waiting time and local cache hit ratio for a rotation weighted path. 
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Figure 6.9: Average data traffic for a rotation weighted path. 
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The reason of these experiments is that the percentage of rotations greatly affects 

the performance of the protocols. For instance, panorama on demand performs poorly 

when the amount of rotations is small, as depicted in Figures 6.8(a) and 6.8(b). Notice 

in Figure 6.8(b) that the cache hit ratio is directly proportional to the percentage of 

rotations in the panorama on demand protocol. This leads to much smaller waiting 

times when the user's navigation path is mostly made of rotations. This is clearly visible 

in Figure 6.8(a); the average waiting time for a path with no rotations is more that 2.5 

seconds where it is a little bit over 0.5 seconds when 90% of the path is made of rotations. 

The amount of rotations has no impact on the IR protocol since it does not distinguish 

between a rotation and a movement. The PPP protocol shows stable behavior mostly 

because it pre-streams imagery data needed for any future movements. Average waiting 

times falls down a bit as the percentage of rotations increases. Upon a rotation, the 

rendering server does not have to render a new panorama, where as when moving, the 

server renders a new panorama plus a set of key panoramas. This rendering actually 

takes a considerable time and will be shown to greatly affect the performance of our PPP 

protocol implementation in later experiments as the number of online client increases and 

more rendering load is put on the server. The consistent cache hit ratio of PPP in Figure 

6.8(b) supports this hypothesis. It is evident that the problem is not in the prediction, 

but rather is in the rendering routine. 

The current implementation of the rendering engine is not optimized. This has nega­

tively affected the overall results of the protocol. It still outperforms the other protocols 

but not as much as it should. Rendering efficiency can be significantly improved by 

applying appropriate DirectX techniques to burst PPP results. This is left as future 

work. 

As depicted in Figure 6.9, the average amount of data traffic for the panorama on 

demand drops dramatically as the percentage of rotations increase. This is directly tied 

with improved waiting times and local cache hits. As in the first set of experiments, 

PPP consumes more bandwidth that the other protocols. The amount of data streamed 
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generally decreases as the rotations in the path increase since less depth values are 

streamed as fewer key partial panoramas are sent. 

6.4.3 Multiple Clients Experiments 

In this set of experiments, we measure the protocols performance with multiple clients 

connected simultaneously. We conducted the experiments on up to eight PDAs connected 

and navigating the virtual environment at the same time. 
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Figure 6.10: Average waiting time and bandwidth utilization vs number of clients. 

As shown in Figure 6.10(a); the waiting time for all protocols increase as the number of 

clients increase. Panorama on demand is always worse than IR and PPP. PPP maintains 

a slightly faster response time than IR. This is explained by the rendering bottleneck 

created in the server due to rendering a lot of panoramas. This issue can be fixed by 

optimizing the cubic panorama rendering technique and using multi-threaded rendering 

routines in future versions of the software. This fact is graphed in Figure 6.11(b). The 

rendering time percentage of the the total response time increases largely as the number 

of clients increase. It starts at 15% for one client and nearly doubles for two clients, and 

finally escalates to more than 50% of the total time. 

The graph in 6.10(b) shows the bandwidth consumption of the streaming protocols. 
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Although PPP protocol sends more information, it appears that it has the least band­

width utilization. This is because the bandwidth is measured by dividing the amount of 

transmitted data over the total experiment time shown in Figure 6.11(a). PPP experi­

ment time takes much longer than the rest of the protocols. This is an implementation 

limitation done to synchronize sending all of the keys panoramas requested for a single 

movement before processing the next movement. In a real application of the protocol 

a roll back policy has to applied to the rendering server i.e. while generating the key 

panoramas for a movement, the server received another movement, it should cancel what 

its doing and service the new movement. This is an advanced topic that emerged dur­

ing the implementation of our proposed protocol and that needs further research. This 

problem will be addressed in the near future work. 
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Figure 6.11: Execution time and rendering time percentage vs number of clients. 

Overall, PPP achieved better results than the other two protocols. Data availability 

on the client is higher and user's next movements prediction enables highly interactive 

user experience. Once the rendering bottleneck in our implementation is solved, and 

depth compression is enhanced; PPP is expected to achieve much better results than the 

current results of the current prototype implementation. 
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6.4.4 Virtual Environment Complexity Experiments 

The performance of image-based streaming protocols is evaluated against virtual envi­

ronments with different complexity. We have modeled three virtual environments with 

different complexities, i.e, number of polygons. As can be seen in Figures 6.12 and 6.13, 

the performance of IBR streaming protocols is not affected by the complexity of the 

scene. This enables the rendering of complex virtual environments at interactive frame 

rates on resource constrained mobile devices and proves that IBR techniques isolate the 

complexity of the virtual environment since it delegates this heavy task to a powerful 

rendering computer. 
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Figure 6.12: Average waiting time and data traffic for different VE complexities. 

A remark on Figure 6.13 is that bandwidth utilization for PPP and Pano are less 

than IR although they send more data across the network because of the time wasted on 

rendering cubic panoramas which is not present in IR. This processing bottleneck can be 

solved as we mentioned earlier i.e. optimizing panorama rendering, and by using a more 

powerful server machine designed specifically to render virtual environments efficiently. 
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Figure 6.13: Average bandwidth utilization for different VE complexities. 

6.4.5 Rotat ion Coverage Experiments 

In the last set of experiments, we compare two different versions of PPP protocol. Adap­

tation to user movement is not currently implemented. Therefore, protocol parameters 

such as the amoimt of rotations covered by a key partial panorama are fixed. The first 

version of PPP uses 10 degree horizontal and 5 degree vertical rotation coverage for key-

partial panoramas, where as the second version uses 20 degree horizontal and 10 degree 

vertical rotation coverage. 

These two versions are compared against paths with different rotation intensities. 

We used paths with 10%, 50% and 90% of rotations, considered as low, moderate and 

high rotation paths. Figures 6.14 and 6.15 show the performance results of both PPP 

versions. 

It is noted in Figure 6.14(a) that the average waiting times for both versions is nearly 

identical and that for the high rotation path, both versions had much shorter waiting 

times than in moderate and low rotation paths. This further supports the argument 

that rendering cubic panoramas consumes most time. In the high rotation path, fewer-

panoramas had to be rendered since there are less movements. Therefore, waiting times 

were much smaller. 

The local cache hits for the higher coverage version of PPP is slightly higher than 

the lower coverage version (Figure 6.14(b)). This is because that the amount of degrees 
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Figure 6.14: Average waiting time and local cache hits for different PPP coverages. 

the user rotates by was not large in most of the rotations and therefore needed views 

were almost always available on the client. Another reason is that we detect when the 

user is close to exceed the rotation coverage and send new segments of the panorama to 

maintain the same coverage. 

As expected, data traffic for the higher coverage version is larger for low and moderate 

rotation paths. This is obvious since we stream more panorama segments that were not 

used in most of the cases. However, for the high rotation path, the numbers are inverted; 

the higher coverage version actually streams less data. This is explained by the fact 

that when coverage is small and rotations are high, more key panoramas - covering less 

rotations - are streamed to the client to predict possible movements. When the coverage 

is high and the rotations are high too, less key panoramas are streamed to cover possible 

movements since these key panoramas cover more rotations. 

As depicted in Figure 6.15(b), the bandwidth utilization of the higher coverage version 

is higher. This is because less panoramas are needed to be rendered and more panorama 

segments are sent which mean more traffic and less rendering times. This results in 

higher bandwidth utilization rates. 
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Figure 6.15: Average data traffic and bandwidth utilization for different PPP coverages. 

6.5 Summary 

We evaluated the performance of the streaming protocols developed in this thesis. We 

specified the hardware configuration used in testing as well as the software technologies 

we used to implement our streaming system and its protocols. Then, we defined the 

experiments scenarios and classified their factors such as: navigation paths and number 

of clients participating in the test. Further, we specified the metrics we use in our 

evaluation, such as: waiting times, data traffic and local cache hit ratio. We then 

explained the performance testing framework we developed and showed how test clients 

sign in to the test server and how the test server assigns protocols to these clients. 

The results of the experiments where then shown in different sets representing differ­

ent scenarios. Experiments were conducted for: random movement and rotation weighted 

paths, single and multiple clients, different VE complexity and different PPP protocol 

parameters. 

We have seen that PPP outperforms the other two protocol classes, IR and Pano due 

to its advanced features that allow future data to available on the client before needing it. 

Although current PPP implementation performs well, it can be considerably improved by 

solving current implementation limitations. Rendering cubic panoramas in the current 
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implementation takes significant amount of time especially when the number of clients 

increases. It reaches to more than 50% of the total waiting time when eight clients are 

connected simultaneously. This issue has degraded PPP performance and if solved, it is 

expected that PPP results will improve. Another issue noted is that PPP streams data 

more than the other two protocols. This was diagnosed as sending large depth volumes. 

In the future, an in-memory compression in addition to the current depth compression 

scheme should lower the data traffic caused by PPP. 



Chapter 7 

Conclusions 

In this thesis, our goal was to enable the exploration of complex 3D virtual environments 

on mobile devices and provide an interactive experience to mobile device users in terms 

of movement flexibility and system response times, effectively turning many interesting 

3D environment applications on light mobile devices into reality. 

Among the many existing techniques for networked virtual environments, we used 

image-based rendering (IBR). In this technique, a server renders the views and sends 

them as images to clients. The heavy rendering task is delegated to the more powerful 

server, alleviating the load on the client, which only displays received images according 

to an IBR algorithm. Therefore the complexity of the environment is neutralized, since 

the client only receives images. Only the size of the image and its contents affects 

the performance on the client. There are various algorithms for reconstructing views 

from the received images on the client. These algorithms are all based on the plenoptic 

function [16] and implement a subset of it. They try to construct complete views from 

discrete samples. We used panoramas to display all possible views at a certain position 

in the virtual environment. As seen in the related work chapter, current IBR approaches 

that try to solve the problem of efficiently displaying 3D virtual environments on mobile 

devices suffer from being reactive to users and providing limited movement schemes. 

We began solving these problems by developing a virtual environment streaming 
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system. This system was carefully designed to enable multiple simultaneously connected 

mobile clients to navigate a 3D environment, each client using a different streaming 

protocol. The system includes components that facilitate network communication and 

messaging, as well as the 3D virtual environment, session management and protocol 

placeholders. All streaming protocols are seamlessly plugged into the system. 

Having all what a streaming protocol needs, we categorized existing IBR solutions 

under either image response (IR) or panorama on demand (POD) protocols. IR renders 

the requested view into an image and sends it to the client once the client informs 

the server of an update. POD renders a complete panorama that covers looking in 

all directions from a position and sends the panorama to the client. The client uses 

a panorama rendering mechanism and renders the received panorama. We stated that 

IR protocol is completely reactive and does not predict or study user movements at 

all. All movements are considered same and each time the client moves, it has to suffer 

network latencies and rendering delays until it receives the requested image. POD tries 

to predict user movements by sending a complete panorama for every position the user 

travels to. This helps if the user rotates at his current position. In this case the panorama 

present on the client generates the new view for the clients new looking direction. This 

protocol performs badly if the user changes position a lot. The size of a panorama is 

usually much larger than the size of the viewable segment the user sees at a time, therefore 

sending complete panoramas for every position wastes a lot of time and bandwidth and 

most of the time a major part of the panorama is not even used by the client. 

These problems motivated us to come up with a new idea. An idea that predicts next 

user movements more smartly and does that for a complex navigation pattern. The key 

to achieving convincing performance is caching. Making the expectedly requested views 

available ahead of time on the client dramatically improves system performance since the 

client does not have to wait for network delays and server rendering times once it needs 

a new view. This is the main idea that the new idea achieves. 

The new protocol, partial panorama prediction (PPP): uses many innovated ideas to 
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accomplish that. First of all, we introduced partial panoramas: a subset of a complete 

panorama that covers a certain amount of horizontal and vertical rotations instead of the 

whole 360 degree view. By manipulating the amount of coverage of a partial panorama we 

are predicting that the user will only use covered rotations. Therefore we save streaming 

unnecessary parts of the panorama. A rotation coverage is guaranteed on the client 

by the protocol, if the user is close to exceed the coverage of the partial panorama, the 

system sends new' parts of the panorama to maintain the minimal rotation coverage. This 

means certain parts of the panorama are only streamed once the user is expected to need 

them. This is a big difference than sending a complete panorama every time regardless 

of the user's need as POD protocol does. This technique effectively predicts future user 

rotations. The system keeps track of user's rotations and changes the amount of coverage 

depending on how often the user rotates at each position it visits in the virtual world. 

Prediction of movements was accomplished by a set of techniques. Firstly, we de­

scribed a special movement type called strafing. A strafe is a horizontal movement that 

does not involve any rotation. Using 3D mathematics, we developed a method that gen­

erates the new view7 after a strafe from the client's current view. This method produces 

most of the new image using 3D transformations. Therefore pixels depths are needed 

for this method to work. In the example we provided in section 5.5, at least 95% of 

the new image is generated by the method. This strafe algorithm saves a lot of waiting 

time, since the client has only to wait for 5% or less of the new image to arrive instead 

of waiting for a whole new image. Including the depth overhead in the same example, 

around 34% saving in bandwidth is also achieved. 

To predict user's next movements, we transform any movement in any direction into a 

strafe movement for which we have developed an efficient method that utilizes cached in­

formation on the client. Key partial panoramas are partial panoramas that are carefully 

placed to generate movements in certain directions. The prediction of next user move­

ments is now transformed into predicting which key partial panoramas to send to the 

client in advance. As shown in chapter 5, each key partial panorama covers movements in 
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directions up to a specific amount of degrees away from the key panorama's origin angle. 

When the user rotates and is close to exceed the coverage of a key partial panorama, the 

system sends a new key partial panorama that covers new directions uncovered by the 

old key partial panorama. Thereby, only key partial panoramas closest to user's direction 

are streamed to the client and only if the client needs them. PPP ensures that either 

the newly requested scene is available on the client in full such as the case of a rotation 

or at least most of it as in the case of strafing from a key partial panorama. PPP differs 

from the other two protocols in a very important aspect, adaptiveness. Depending on 

the movement pattern of the user, PPP changes its parameters and might decide to omit 

sending data necessary to cover certain movement types that it does not expect the user 

to undertake. Other protocols only respond to user movements with out understanding 

them. 

In our implementation of PPP , we used cubic panoramas which we found the sim­

plest and the most efficient to render. We developed a new axis system for representing 

partial cubic panoramas and an algorithm that calculates new face pieces to send for 

each rotation and keeps track of sent pieces. In addition, we developed a depth compres­

sion algorithm to minimize depth overhead and boost performance. The compression 

algorithm relies on sending a depth list that contains unique depth values, and encoding 

depth list position in every pixel, and therefore saves sending same depth values more 

than once. 

The results obtained from conducting an extensive set of experiments that cover 

various scenarios show that PPP protocol outperforms IR and POD protocols, mainly 

due to its caching and prediction mechanisms. Results also show that the complexity of 

the 3D virtual environment almost does not impact our system's performance and proves 

that IBR enable clients to display compelling 3D scenes similarly to simple ones. Results 

can be more improved by addressing the issues that the implementation has. Many 

aspects have not been optimized. Rendering cubic panoramas is done in a simple way 

and is currently considered slow. With careful techniques related to the 3D library used, 
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rendering times can be massively improved. More advanced algorithms for computing 

partial panoramas can be developed in the future. Another formats of panoramas can 

be used if proved to be more efficient and easier to render than cubic panoramas. The 

current implementation does not include adaptiveness nor look ahead strategies. All the 

parameters are static at the moment. This feature is left for the future for more advanced 

research. 

7.1 Future Work 

For future work, current implementation issues and optimizations listed above should be 

considered. In addition, new techniques and ideas for streaming dynamic scenes should 

be researched and studied in depth. 

The following points list optimizations and enhancements to the current ideas we 

have: 

1. Panorama rendering optimization. If optimized, the system is expected to perform 

much better. 

2. Developing better and more accurate partial panorama calculation methods. This 

depends on the type of the panorama used. 

3. Solving Occlusion problem, by using splatting techniques for example. 

4. Using in memory depth compression to further compress depth values and improve 

system's performance. 

5. Implementing adaptation routine, by studying user movements and changing pro­

tocol parameters and setting movement type probabilities accordingly. 

Our ideas can be further expanded to support even more complex user navigation 

such as leans and altitude change (jumps and crouches). Ideas for identifying dynamic 
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parts of a scene and streaming them side by side to static views have to be developed 

to provide a complete solution. Dynamic objects can be sent as small sub images for 

instance or can be sent as progressive meshes. Using the appropriate strategy to stream 

dynamic objects should be the main concern for future works for this thesis. 



Appendix A 

Demo Application 

In this appendix, we present a demo application we developed that is built on top of 

the VE streaming system we have developed in this thesis. The VE streaming system 

provides generic services used to stream any virtual environment using the image-based 

protocols we developed and can be used in many applications. 

The demo application is an Emergency Preparedness software used by fire fighting 

departments. The target building, i.e. the building which is monitored, is equipped 

with a wireless sensor network that measures readings such as smoke level and room 

temperature. A 3D virtual environment of the target building is used by the command 

center to represent the actual target building. Once the wireless sensor network detects 

a threat such as an increase in smoke levels, first responder units (fire fighters) are 

sent to the target building to deal with the situation. Each responder wears a head 

mounted display (HMD) or carries a PDA which is connected to the command center 

server software. All information necessary for the responder to accomplish his/her task 

is fed to his device. 

The responder can see a virtual representation of the building as well as a map 

showing the building schematics. As he moves within the building, his position in the 

VE changes and new images are fed to him. Positions of his team mates as well as civilians 

are made available to each responder using information collected from the sensor network 
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and passed to the command center server. A virtual representation of threats are also 

displayed on his device to make him aware of the threat and its nature. For instance, 

invisible threats such as gas leaks are easily visualized within the target building VE. The 

command center on the other hand monitors all the deployed units and sends commands 

telling them what to do. For example, it can send the path to the nearest exit to each 

responder. Figure A.l shows the command center running on a multi-screen server and 

first responder client application running on a PDA. 

Figure A.l: Command center and first responder client software. 

We used 3D Studio Max [81] to model the SITE building (School of Information 

Technology and Engineering) of the University of Ottawa, The command center server 

application is shown in Figure A.2. 

We assume that a fire breaks out in the second floor of the SITE building, as shown 

in the left image of Figure A.3. The command center gets notified by the wireless sensor 

network and deploys first responder units to help civilians escape from the hazard. A 

first responder signs in to the system using his device. He is know added to the VE as 

shown in the right image of Figure A.3. 

First responders will move to rescue the civilians and take them to the nearest exit 

as shown in Figures A.4 and A.5. The command center is updated with the position and 

status of all first responders, civilians and the threat. 

Figure A.6 shows a first responder unit safely guiding a civilian out of the second 

floor as well as the responder;s position on the map. 
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Figure A.3: Left: Fire. Right: First responder. 
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Figure A.4: Rescue process by first responder. 

Figure A.5: Rescue process by first responder. 
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