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ABSTRACT

We present a novel 3-D multi-view video delivery scheme that allows users watch
3-D content interactively with significantly reduced bandwidth requirements by trans-
mission of small number of views selected according to viewer’s head position. The
proposed scheme can be used for point-to-point delivery to a single user and /or multi-
cast delivery to many users. Furthermore, the scheme can transport dense light-field-
like multi-view sequences or multi-view sequences together with depth information.

In the proposed scheme, the user’s head motion is tracked to select the required
views dynamically. The system then allocates more bandwidth to these required views
to render the user’s current viewing angle. In order to reduce the adverse effects
of delays due to network and stream switching, required view points are predicted
and pre-fetched. Highly compressed lower quality views are also sent alongside the
selected high quality views to provide protection against stoppage due to erroneous
viewpoint predictions. A novel metric based on the abruptness of the head movements
and delays in the system is introduced to help in determining the number of the
additional lower quality views to be transmitted. The proposed system makes use
of Multi-View Coding (MVC) and Scalable Video Coding (SVC) concepts together
to obtain improved compression efficiency while providing flexibility in bandwidth
allocation to the selected views. Rate-distortion performance of the proposed system
is reported under different conditions. Use of the introduced metric in determining
the optimal operating point, i.e., the number of lower quality views that need to be
transported, is demonstrated.

Overlay multicast is employed to reduce the bandwidth requirements when the
proposed scheme is used for transporting 3-D content to several users. An application-

layer multicast protocol, called NICE, was modified for this purpose. NICE is chosen

v



due to its lower control overhead and short join-latency when compared to other
application-layer multicast protocols; reducing the network delay for the proposed

selective multi-view video delivery system.



OZETCE

Seyircinin konumuna gore sec¢ilmis birkag bakigi yollayarak kullanicilarin 3-B materyal-
leri etkilesimli ve diigiik bant genisligi ile izlemesini saglayacak yeni bir 3-B ¢ok bakigh
video iletimi y6ntemi sunuyoruz. Onerilen yéntem, hem noktadan noktaya tek aliciya
gonderim i¢in hem de ¢ok kullaniciya ¢ogagonderim ile galigabilir. Dahasi sistemimiz
hem daha yogun 11k alani tiirtinde ¢ok bakigh videolarin hem de derinlik bilgisi ile
daha seyrek c¢ok bakigh videolarin iletiminde kullanilabilir.

Onerilen yontemde gerekli bakiglari secmek icin kullameinn kafa konumu siirekli
olarak takip edilir. Kullanicinin gorecegi goriintiiyii yiiksek kalitede gerigatabilmek
i¢in sistem secilen bakiglara daha fazla bant genigligi ayirir. Agdaki gecikmelerinin
ve akig degigimlerinin istenmeyen etkilerini azaltmak i¢in kullanicinin bakigi 6nceden
tahmin edilir ve ihtiyag duyulan akiglar 6nceden istenir. Buna ek olarak, tahmin hata-
larindan kaynaklanabilecek duraksamalar1 engellemek icin yiiksek derecede sikistirilmig
komsgu bakiglar da ihtiya¢ duyulan bakiglara ek olarak yollanir. Yollanacak komsu
bakig sayisini belirlemek icin kafa hareketlerinin aniligini dikkate alan yeni bir metrik
kullamlmigtir. Onerilen sistem, Cok Bakigh Video Sikigtirma (MVC) ve Olceklendirilebilir
Video Sikigtirma (SVC) fikirlerinden faydalanarak hem daha verimli sikigtirma hem
de daha esnek bakig secimi saglamay1 amaclar.

Cok bakigh videolar 6nerilen yontemle cok sayida kullaniciya gonderilecegi zaman,
uygulama katmani ¢ogagonderim kullanilir. NICE olarak adlandirilan bir uygulama

katmani cogagonderim protokolu, onerilen sisteme uyarlanmigtir.

vi
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Chapter 1

INTRODUCTION

The domestic entertainment technology is changing. The transition to HDTV is
almost complete in the USA and Japan, and it is making itself felt in Europe. Many
content producers have already switched to HD. In the mean time there is a growing
research interest worldwide in the next logical step: 3DTV and FTV. While very
similar in concept, and mostly used interchangeably, there is a difference in definition
between the two terms: 3DTV systems aim to create the depth perception, whereas
FTV refers to systems which allow interactive selection of viewpoint [1].

Both 3DTV and FTV systems require numerous enabling technologies in order to
reach a certain maturity level. These enabling technologies cover a wide area of active
research including but not limited to 3D scene acquisition, 3D scene representation,
compression, transmission, multi-dimensional signal processing and 3D displays. All
of these fields have seen tremendous advances in recent years, thanks to growing global
research interest and international and national funding efforts such as European
ATTEST and 3DTV NoE’s, Japanese FTV project and Tele-Immersion project in
the USA.

3DTV transmission, when compared to other areas listed above, received relatively
little research effort, mostly due to the lack of a feasible compressed representation
which can be transmitted over realistic networks. Geometry based computer graphics
representations do not provide photographic quality levels and real-time rendering
at the same time, and various image-based representations were much to big to be
streamed to households over domestic connections. However, due to recent successful

research on 3D scene representation and compression technologies, we now have effi-
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cient and concrete compressed representations, such as multi-view videos compressed
using MVC, to transmit.

However, even with MVC compression, multi-view videos are quite large. This
represents two problems for an IP-based 3DTV streaming system. First, the viewers
need a fast connection in order to watch 3DTV at a good quality and second, 3DTV
servers need tremendous amounts of bandwidth in order to serve numerous clients.
Both of these limitations can be overcome with the help of more intelligent trans-
mission schemes. In this thesis we present such a 3DTV transmission scheme with
a scalable encoding of Multi-View Videos, which makes uses of MVC and SVC con-
cepts, and gives clients control about which parts of the MVV they need to receive.
This selective delivery approach is aimed at reducing the bandwidth requirements
and is the topic of Chapter 2. In order to address the bandwidth requirements at
the server, in Chapter 3, we propose to extend the system detailed in Chapter 2 with
application-layer multicasting, such that the server only needs to transmit to several

peers, which in turn forward data to other peers, building an overlay delivery tree.
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Chapter 2

CLIENT-DRIVEN SELECTIVE DELIVERY OF
MULTI-VIEW VIDEO

2.1 Introduction

Although dynamic holography is the ultimate goal in 3-D video and TV, early sys-
tems create 3-D viewing experience via stereoscopy by showing a scene from slightly
different angles to the left and right eyes of a viewer. Various methods can be em-
ployed in order to generate these views. The most straight-forward approach is 3-D
warping of an image using the associated depth map. This approach has been inten-
sively studied in the literature, e.g., in the European ATTEST project, and it has
been reported that the depth map can be compressed to about 10-20% of the video
stream [2]. There is an ongoing MPEG standardization effort for the transport of
a video-plus-depth representation [1]. Even though this approach is simple and cost
efficient to implement, it offers limited flexibility, since the rendering quality quickly
deteriorates due to disocclusions and discontinuities in depths, as the viewer moves
away from the original camera angle [3].

The N-view-plus-M-depth representation has been proposed as a promising solu-
tion to address the limitations of the video-plus-depth representation, and MPEG has
recently established an ad-hoc group to study challenges and opportunities offered by
this representation [4]. When rendering from this representation, unlike the single-
view-plus-depth case, the holes due to depth discontinuities can be filled using pixels
from neighboring views. The most straight-forward method to generate views using
N-views and M-depths is to 3-D warp the nearest two views to the desired view and

intelligently blend them such that the holes are filled. Due to imperfections in the
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depth maps, this method can leave ghost-like shadows near the object boundaries,
which can be removed by using more sophisticated rendering algorithms [5], which
make use of additional boundary masks. The boundary maps utilized in [5] are very
sparse and can be transmitted without much overhead.

Another alternative is using N-view sequences without depth maps, which is called
the light field representation when N is large [6]. Elimination of the need for depth
determination is a significant advantage of this approach. Instead of generating novel
views using depth information, two views closest to the viewer’s eyes are selected
and displayed when such a representation is used. [7] demonstrates such a system
developed in MERL Labs, where views from 16 cameras are projected onto an au-
tostereoscopic screen. As the user moves through the viewing space, views from the
appropriate cameras are directed to the eyes with the help of the lenticular lenses on
the screen.

With or without depth information, multi-view representations require large amounts
of data, but the correlations between views can be exploited for compression. Multi-
view coding (MVC) is an active area in the JVT and the standardization effort is
in progress. [8] describes the current state of the art and reports significant com-
pression gains over simulcast coding where each view is compressed independently.
However, even with the MVC, bit-rates for multi-view streams are very high: 38dB
PSNR at about 5 Mbps is a common operating point for a 640x480, 30fps, 8 camera
sequence with MVC encoding. Moreover, previous research on single-view-plus-depth
sequences [2] suggests that with the addition of depth maps and other auxiliary infor-
mation such as boundary mask, the bandwidth requirements could increase as much
as 20%, which renders 3-D TV service over current domestic Internet connections
practically impossible.

In order to reduce the transmission bit-rate of multi-view sequences we observe
that for a single-user, only two views are sufficient at any given time to create 3-
D perception. Therefore, tracking users’ head and selectively transmitting only the

required views from the current viewing angle of the user can save significant band-
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width [9] [10]. Since the transmitted views will vary in time according to user head
position in free-view 3D video, we need random access to all views in the bitstream;
This requirement cannot be met by MVC because of its complex dependency struc-
ture, unless all views are transmitted. When the views are simulcast coded, random
access into each stream can be achieved at the cost of reduced compression efficiency;
however, this cost is usually more than offset by the reduced number of transmitted
views. On the other hand, this approach is highly sensitive to the delay between the
request for the stream and its display. Therefore, in addition to tracking of user’s
head position, the future positions need to be predicted as well.

There is a wealth of previous research on predictive head tracking for 3-D display
systems. In [11], Azuma and Bishop formulate a theoretical frequency domain frame-
work in order to evaluate the performance of prediction algorithms and demonstrate
on their experimental setup that predictive Kalman filters are suitable for 3-D appli-
cations. In [12], Wu compares simple extrapolation, Kalman filtering and grey system
based predictive tracking algorithms and reports that both Kalman and grey system
based algorithms achieve similar error performance for 3-D applications. In light of
these results we have decided to use predictive Kalman filtering for our prediction sys-
tem as described in [13] due to its low computational cost and ease of implementation.
Not surprisingly, selective delivery systems perform poorly when the prediction fails
(during sudden random movements etc.) and wrong views are transmitted, which do
not correspond to the user’s actual position at their play-out time.

Our motivation in this chapter is to significantly reduce the bit-rate requirements
for real-time interactive transmission of multi-view sequences (with or without addi-
tional depth information) to enable domestic 3-D TV services. To this end, we propose
to deliver low quality neighboring views in addition to the high quality views, which
are actually required. The low quality views are delivered in the form of a base layer
encoded using MVC and the high quality views are obtained using specially encoded
enhancement layers. The number of the views contained in the base layer MVC can

be changed in order to adapt to the actual operating conditions and the bit-rate al-
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Figure 2.1: Overview of the delivery system with two low bit-rate side-streams.

location between the base and the enhancement layers can be determined for optimal
system performance. This chapter is organized as follows: In Section 2.2 we describe
the proposed system in detail. The results are presented in 2.3 and our conclusions

are presented in 2.4.

2.2 System Description

We propose to deliver a multi-view videosequence at two quality levels: M views
out of the total N of the multi-view sequence are encoded using MVC at a lower
bit-rate as a base layer. On top of this base layer, enhancement layers are encoded in
order to improve the quality of selected views. The system first determines the user’s
current head position and a Kalman-filter based prediction subsystem predicts the
user’s head position d frames into the future. Using the predicted positions, an error
metric is computed at the receiver to determine the number of views to be included
in the base layer, M. We assume that the bandwidth available to the user is limited,
therefore as M increases an increased proportion of the bandwidth is allocated to
the base layer. This necessitates an intelligent allocation of bandwidth between the
base layer MVC and the enhancement layer stream. The server has severals sets of
the same multi-view video. Each set is encoded using a different M-number and has
different bit rate allocation ratios between the base layer and the enhancement layers.

The client switches to the appropriate set of streams according to the user’s predicted
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head position, its bandwidth and current M-number. The low bit rate base layer
MVC allows the user to keep watching stereo video, albeit at a lower quality, when
prediction fails until correct high quality streams arrive from the server. According
to subjective quality tests reported in [14] and [15], as long as one of the eyes sees a
high quality view, the lack of details in the low quality view seen by the other eye is
masked by the human visual system. Therefore, as long as at least one of the views
is delivered in high quality, the viewers might not even notice the low quality view
in real-world implementations of the proposed selective transmission scheme, as long
as the duration of such low quality periods are kept short. In this section, the server
side issues are first described in Sections 2.2.1 and 2.2.2. Then the details of the

receiver-side are described in the Sections 2.2.3 and 2.2.4.

2.2.1 MVC Base Layer with Simulcast Enhancement Layers

The proposed approach to selectively transport the required views while providing
interactivity, is using MVC coding with additional enhancement layers. This involves
encoding all views together using MVC as a lower bit-rate base layer. The base layer is
spatially downsampled to reduce the encoded video size. In addition to this base layer,
an enhancement layer is generated for each view as follows: first the decoded video
for each view in the MVC stream is upsampled to the full resolution of the original
video and then the difference between the original videos and the decoded MVC
videos are encoded using AVC/H.264. Alternatively the spatial scalability features
of the emerging SVC standard can be used for this purpose in a similar fashion.
These enhancement layers are independently coded to provide greater flexibility in
switching from one view to the next. The coding structure of the proposed MVC plus
enhancement layers can be seen in Fig. 2.2. This proposed structure benefits from
the coding gain offered by MVC, while providing significantly greater flexibility in
view selection, such that a user receiving the base layer and the enhancement layer
for view n, is able to see it at a high quality, while all other views would be available

at a lower quality.
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Figure 2.2: An example coding structure for the Base Layer MVC with enhancement
Layers.

The multi-view video server has several previously encoded sets of base layer MVC
plus enhancement layers. Each of these sets is a complete representation of the original
multi-view sequence but the base layer MVC stream(s) in each set contains a different
number of views. Whereas the base layer MVC of one set may have all views, another
set may contain several overlapping base layer MVC streams such that each one has
only four views. This allows the receiver to adapt itself to actual conditions and
request the base layer MVC with as many views as dictated by the error statistics of
its head position prediction system.

The proposed system has to handle three different sorts of stream switching. Adap-
tation of the number of views contained in the base layer MVC representation, M,
and bit-rate allocation between base layer and enhancement layers is handled across
GOPs, by switching from one multi-view video set to a different set at the start of a

GOP, if necessary. Similarly, the base layer MVC and enhancement layers also need
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to follow the user’s head position. Both is achieved by switching the stream at the
beginning of a GOP. It best to use a shorter GOP for the enhancement layers because
they need to be able to follow the user’s head position more closely, whereas a longer
GOP may be utilized for the base layer MVC for more efficient compression.

In Section 2.3, we compare the proposed system with a reference system which
delivers independently coded streams at two distinct quality levels and present de-
tailed results on the interaction between the prediction distance, GOP size and rate-

distortion performance of the resulting sequences for different head motions.

2.2.2 Bit-rate Allocation

Determination of the target quality difference between the base layer MVC and the
enhancement layers presents an optimization problem. The expected values of video
quality experienced by the user needs to be maximized by optimally allocating the
available bandwidth to the base layer MVC and enhancement layers. One dimension
of this bit-rate allocation is the number of views contained in the base layer MVC
representation. In Section 2.2.4 we will discuss how the receiver selects a set with M
views in the base layer MVC. In addition to the number of views contained in the
base layer MVC, the quality difference between the base layer and enhancement layers
is another parameter which determines the bit-rate allocation between the base layer
MVC and the enhancement layers. The resulting bit-rate ratio between the base layer
MVC and the enhancement layers is a parameter which should be used to maximize
the quality of the delivered video. The Langrangian rate-distortion optimization given
by

max{J}, where J = Q + AR, (2.1)

is ideally suited for this problem. For our proposed system the bit-rate, R is given by
R = RMVC’ +2- Rencha (22)

where Ryve and R, are the bit-rates for the base layer MVC and an enhancement

layer respectively. On the other hand, the average distortion of the received video
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can be formalized as:

[
[
pM/2—=1>xz>1] Qpt+ (2.3)
[ = M /2] - e

[

where p[x = a] denotes the probability of a prediction error by a views and @j; and
Q1, denote average PSNR quality for the enhancement layers and base layer MVC
respectively, Q... is the quality achieved by error concealment, i.e. frame repetition
for the proposed system. In Eq. (2.3), the first term denotes the quality contribution
when there are no prediction errors and both eyes see the high quality views, the
second term with the average of the quality of the enhancement layer and base layer
MVC corresponds to a prediction error by one view when one of the eyes sees a
high quality view and the other eye sees a low quality view. The third term is the
quality contribution when both eyes see low quality views, which is the case when
the prediction error is greater than one but still inside the M views contained in the
base layer MVC. The reason for the M /2 — 1 limit is due to the symmetric nature of
the base layer. The fourth term denotes the case when the prediction error is exactly
M /2, which corresponds to one eye seeing the low quality view and the view for the
other eye is displayed using frame repetition from the last available frame. Finally,
fifth term is the case when the prediction error is so large that both eyes see the
repeated pictures from that decoded frame. This last case practically corresponds
to stoppage. Since M is adjusted dynamically according to the metric which will be
introduced in Section 2.2.4, there is a small chance that the prediction errors will
result in a complete miss. Additionally, the PSNR for frame repetition is much lower,
than a high quality or a low quality view. Therefore, the contribution from the last

two terms is negligible and they can be safely be dropped to simplify the closed-form
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average quality formulation, which results in the following equation:

Qave = p[m = 0] : th"‘
ple=1]- Q;Li;-on+ (2.4)

p[l’ > ]-] : le

which can be further simplified to:

Qave = (p[?f = 0] + 05p[$ = 1]) : th"‘
(0-5plz = 1] + plz > 1]) - Quo (2.5)
Qave = Dhi- th =+ Dio Qlo

According to Eq. (2.5) the prediction error probability distribution, p, is an im-
portant parameter for the resulting received multi-view video quality. The error
probability distribution p can be assumed to be normally distributed with zero-mean
due to the Kalman-based nature of the predictor. Therefore, variance can be used
to determine the probability in each term in Eq. (2.5). Since M is also determined
based in the prediction error variance (see. Section 2.2.4), a larger M entails a larger
probability of using low quality views.

Although there is no closed-form relationship between the bit-rate and average

quality of a video stream, logarithmic relations of the form

Qni = ap; + bpi - In(Renen)
Qo= o+ bip - In(Rprve)

(2.6)

can be employed to approximate the relationship in line with information theory
fundamentals, where a and b parameters can be found by least squares fitting to
experimental results. Thus by substituting the approximations for the quality of
high quality and low quality views into Eq. 2.5, we obtain an approximation which
relates bit-rates for base layer and enhancement layer to the received multi-view video
quality, which can be plotted in 3-D as shown on Fig. 2.3.

If we assume a fixed available bit-rate constraint, the projection of the 3-D surface

on the bit-rate constraint plane can be drawn in 2-D as shown on Fig. 2.4 and Fig. 2.5.
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2.2.8  Viewpoint Prediction for Prefetching

Although a viewpoint in the world is defined by six independent parameters (z, y,
z for position and the Euler angles 0, ¢, 1), we only consider the situation where
the movement of the user is constrained to one dimension. This assumption reflects
the one dimensional physical arrangement of cameras for most multi-view sequences.
Therefore the viewpoint prediction is handled by a Kalman filter with three states,
in the same fashion as [13], reflecting a piecewise linear acceleration model which is

shown in below.

Tha1 1 T T?| |z T3/6
fer| = |0 1 T |an| + [72/2] w
Pt 00 1] | T

Lk

Y = [1 0 O} T | + Uk
Ty,

where T is the sampling interval, x; is the kth sample of position along the axis
which reflects the physical arrangement of cameras capturing the multi-view video,
and wy, is the process noise, which models the acceleration change for the kth sam-
pling interval, and vy is the measurement noise. We have empirically determined the
measurement and process noise covariances to yield minimal error for this scenario.
The employed prediction system with three states was also compared to other similar
Kalman structures with one, two and four states and found to have the lowest average
error variance.

At each time instance ¢, the viewer’s viewpoint is sampled and a future viewpoint
for the time instance t + d is predicted using the Kalman predictor, where d is the
prediction distance. The prediction distance d corresponds to the total delay between
the request for a stream and the arrival of a decodable frame from the requested
stream. This delay until a stream begins playing after the request, is a sum of two
independent delay components: Network delay and decoding delay. The Round Trip

Time (RTT) delay of the connection between the server and the client corresponds to
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Figure 2.6: Average prediction error variance plotted against prediction distance. The
Kalman predictor three states offers the lowest average error variance.

the network delay of the system, when unicast is employed. On the other hand, the
join latency is the network delay in the case a multicast protocol is used to transport
the streams.

The decoding delay is the wait for an independently decodable frame after the
first packet of a stream arrives. This depends on the distance between independently
decodable frames or the Group of Pictures (GOP) size. A larger GOP size is better
for compression efficiency, but results in a longer decoding delay. However, if a frame
is received, but not decodable by its play-out time, it cannot be displayed to the
viewer. To accommodate for the longer decoding delays, the prediction distance must
be increased as well in order to increase the probability that an independently decod-
able frame is received on time. Since the prediction becomes less reliable with longer
prediction distances; however, a larger GOP will result in more frequent prediction
errors and might cause wrong streams to be fetched from the server. In that case, the

larger GOP adversely affects the user experience and deteriorate the system’s perfor-
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Figure 2.7: The advantage of a base layer MVC with six views (right) versus four
views(left) can be seen here. The extra streams provide improved prediction error
resilience.

mance. Therefore, there is a compromise between the compression efficiency provided
by GOP size and the prediction errors caused by the increased system latency. The
increased efficiency offered by a longer GOP can be more than offset by the errors
caused due to a long prediction distance. In the presence of frequent prediction errors,
a couple of redundant neighboring streams greatly improve the system performance,
by providing a view to fall back on, when the prediction fails. However, they come at
a bandwidth cost which offsets the coding gain provided by a larger GOP size. We

present a detailed investigation of these trade-offs in Section 2.3.

2.2.4 Determining the Number of Views in the Base Layer

As previously stated, a longer prediction distance results in more wrongly predicted
streams because the probability of an abrupt head motion increases with the predic-
tion distance. Thus, the performance of the prediction depends, in addition to the
prediction distance, on the abruptness of the head movement as well. This means,
given the same prediction distance and two viewers watching the same multi-view

sequence on two different clients with the same RTT to the server, the viewer who
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makes more abrupt head movements will experience more prediction errors and pos-
sibly breaks in the multi-view sequence play-out. The effects of errors can be better
understood with the help of Fig. 2.7, which shows how the number of views in the
base layer MVC affects performance of the system. Case 0 is when there are no pre-
diction errors, therefore both required views are available at high quality and can be
displayed to the user. Case 1 denotes the case when the prediction has failed by one
view. Although the figure shows an error to the right, due to the symmetric nature
of the system this also applies for the prediction errors to the left. In this case both
4-view base layer MVC and 6-view base layer MVC have one of the views in high
quality and the other view in low quality. Therefore while the high quality view is
displayed directly to the user, the low quality view needs to be interpolated before it
can be displayed. Similarly, Case 2 denotes when the prediction error is two views,
either to the left or to the right. 4-view base layer MVC does not have enough redun-
dancy for a Case 2 error. Even though one of the views is available in low quality, the
other view is not present at the client. Therefore the low quality view is interpolated
and displayed, but error concealment needs to be performed for the missing view. On
the other hand, 6-view base layer MVC, can gracefully handle a Case 2 error, since
both required views are available at low quality. Case 3 represents an even worse
situation, when the prediction has erred by three views. In that case, 4-view base
layer MVC does not have any views available and the video playback will not show
the requested view. On the other hand 6-view base layer MVC has one of the views
in low-quality and can perform error concealment for the other view.

Therefore, it is clear that the additional views in the base layer MVC improve the
performance of a selective delivery system. The additional low-quality views come at a
bandwidth cost, of course, but provide a kind of insurance against prediction errors.
Logically, the optimal number of low quality views, M, depends on the prediction
distance, which in turn depends on the delay in the system, and,the abruptness of head
movements. Using an abruptness metric and the delay measurements, the operating

points of the system can be defined on a two-dimensional delay-abruptness plane,
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which can be divided into four major regions as shown in Fig. 2.8 with varying
suitability for the proposed selective delivery system.

If the current operating point on the delay-abruptness plane is known, the number
of low-quality views can be changed to adapt to the situation. We propose to use a
running average of the square of the prediction error as a metric to help determine
where in the delay-abruptness plane the system is operating at. The metric for the

nth frame can be computed as shown in Eq. (3.1):
Ro= b3 oy 27
n d . (2 (3 Y .
i=n—d
where r; and p; are the real and predicted positions respectively for frame ¢ and d

is the prediction distance. This abruptness metric corresponds to an estimate of the
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error variance for the last d samples, assuming the prediction error has a zero-mean
distribution. This assumption is sound due to the fact the prediction follow the real
values and does not introduce any drift in either direction. The rationale behind
using d, as the window size over which the variance estimate is computed, is the fact
that it corresponds to the unresponsiveness in the system, because it is a function of
two delay components in the system: network delay (RTT) and decoding delay (GOP
size). Therefore, our proposed metric intuitively combines two most important aspects
which affect the prediction performance: head movement abruptness and the delay in
fetching streams from the server and displaying them. By thresholding the computed
metric, the system can estimate its operating point on the delay-abruptness plane.
A low metric corresponds to Region I and a base layer MVC with a small number of
views should be enough. However a larger metric would correspond to the Region 11
and Region III, where the base layer should contain a larger number of views. A very
high metric corresponds to Region IV, where the prediction system is not able to keep
up with the head movements given the total delay in the system and the proposed

system might not work very well under such conditions.

2.3 Results

2.3.1 Intended Application Scenarios

We see two different types of 3-D display systems with different transport needs.
The first candidate is projection screens which employ polarizing filters and matching
glasses to show appropriate views to the eyes of the user. Although a few time-
multiplexed viewers can be accommodated with the help of synchronized shutter
glasses and very fast DLP projectors, these systems are best suited for single user
viewing. Such single-user 3-D display systems, by definition, only need to display two
views to the user. To provide a more realistic 3-D experience the user needs to be
tracked and the two displayed views need to be updated accordingly. The proposed
delivery system is perfectly suited for this scenario. The display systems predicts the

user movements, and requests the required streams in advance. With the help of the
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metric introduced in 2.2.4 the number of redundant low-quality views is determined
and appropriate base layer MVC plus required enhancement streams are delivered.
The second near-future display technology makes use of lenticular lenses in order
to show appropriate views to the eyes of the viewer. The lenticular lenses allow 3-
D viewing without viewing aids such as polarizing glasses, and are very versatile.
They can be applied to both projection systems and LCD displays. Additionally,
both traditional stereo and N-view stereo is also possible using lenticular lenses. In
a traditional stereo setup using an autostereoscopic display, the eyes of the user are
constantly tracked and corresponding views are shown. Such a setup is analogous to
a projection system. In an N-view setup, the eyes of the viewer see the appropriate
two views among the spatially multiplexed N-views, as the user moves through the
viewing space. Obviously, delivering only two views is not enough to drive such a
display system. If multiple users are watching 3-D content on such a display, complete
multi-view sequence needs to be delivered in order to display high quality content to
all users. However, if only a single user is using the display, the proposed system can
be employed in the following fashion. N-views are delivered with the help of base
layer MVC and two enhancement streams corresponding to the user’s position are

delivered additionally.

2.3.2 A Reference System with Simulcast Streams at Two Quality Levels

We have implemented a reference system for comparison purposes. In this scheme
the server streams a multi-view video with simulcast coded views to several clients
over an IP-network. Using the predicted future viewpoint, the client determines the
required views and corresponding high-quality streams are requested from the server
and M adjacent views are streamed at a low bit-rate, where M is determined using the
metric defined in Section 2.2.4. If there are no prediction errors, the received streams
are passed on to the display, which shows one view to each eye. However, if there was
a prediction error and wrong set of high quality streams was delivered, the display

system falls back to low quality streams for the views which are not delivered in high
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quality. If a required view is delivered in low quality it is interpolated to original size
and displayed accordingly. If the prediction error is so severe that a required view is
not delivered at all, last available frame for that view is repeated as a simple means

of error concealment.

2.3.8  Rate-Distortion Performance

In order to study the quality of the video delivered by the proposed system we have
generated test videos using three 10sec long head motion trajectories, which were
recorded using a camera based tracking system. These three trajectories can broadly
be classified as slow, moderate and fast head movements. The head position predic-
tion was performed on the recorded trajectories at various prediction distances. The
slow head trajectory represents a sweeping motion from camera 5 to camera 0 over
approximately 8 seconds followed by a 2 seconds long rest period. The moderate head
motion represents a move from camera 4 to camera 6 in the first two seconds followed
by a motion covering the whole viewing space from camera 6 to camera 0 in approxi-
mately three seconds. The viewer stays around the camera 0 from about two seconds
and then quickly moves to camera 2 where he stays for the final two seconds. The fast
head movement consists of a series of fast motions which cover the complete viewing
space with periods of relatively low activity in between. The three trajectories and
prediction performance at two different prediction distances can be seen in Fig. 2.9(a)
through 2.9(c). It is clear that the prediction performance decreases as the prediction
distance increases and this effect is much more pronounced when the head motion is
faster.

Using the predicted head trajectories, we have compared the performance of the
proposed system to the reference system detailed in Section 2.3.2 and to transmitting
all views at the same quality using MVC. The Racel multi-view sequence from KDDI
was used to obtain the results reported in this section. The MVC implementation
from HHI was used to encode the sequence as reported in MPEG Bangkok meeting

configurations. For the reference system, the views from the Racel sequence was
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encoded using the reference H.264/AVC encoder at several low-quality and high-
quality configurations using different QP parameters. Hierarchical B-pictures were
used during encoding to optimally utilize temporal correlations. The motion search
window was fixed at 96 pixels and three different GOP sizes were used: 4, 8 and 16. An
IDR-picture was inserted at the beginning of each GOP, such that it becomes a stream
switching point. For the proposed system the base layer MVC was encoded similar
to MPEG Bangkok configurations. However the configuration files were changed to
reflect the downsampled resolution and higher QP parameters for higher compression.
Additionally, the JSVM SequenceFormatString parameter was modified accordingly
for 4-view and 6-view base layers. The enhancement layers were encoded as described
in Section 2.2.1, at various quality settings for each different base layer configuration.
Similar to the reference system, the enhancement layers used three different GOP
sizes: 4, 8 and 16.

In our simulations, at each time instance the client requests the corresponding
stream for the predicted trajectory. After a constant RTT has passed, the requested
streams begin to arrive in a decoding buffer which is as long as the GOP. If the
viewpoint prediction has failed at some point between the current frame and beginning
of the GOP, some of the packets needed to decode the current frame might have been
not delivered, therefore, when the play-out time for a frame arrives, the buffer is
checked to determine the decodability of the actually required frames in a recursive
fashion. For a frame to be decodable in low quality, it must be available and all the
reference frames in the base layer MVC prediction structure must be decodable as
well. Additionally for a frame to be decodable in high quality, it needs to be available
in the enhancement stream, decodable in low quality and its reference frames in the
enhancement stream must be decodable as well. During test video generation the
system first checks if the required frame at a particular time instance is decodable in
high quality, if not it falls back to low quality, in the case the frame is not decodable
in low quality as well, last displayed frame is repeated as a crude error concealment

method. Another possible error concealment method is displaying the frames for
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the original view if the frames for the requested view are not available, practically
ignoring a requested view change. Frame repetition causes video freezing during error
periods but reflects user position more accurately, on the other hand displaying what
is available does not have to deal with the problem of freezing but is less responsive
in the case of prediction errors. The subjective evaluation of these error concealment
methods is outside the scope of this chapter. MVC test sequences are generated
in a similar fashion but they are not affected by missed streams since all views are
available at each time instance. The PSNR values for the final recorded sequences are
computed with respect to reference sequences, which are generated using the same
viewpoint data assuming no delays, perfect prediction, perfect decodability and no
encoding distortion, i.e. for the PSNR reference sequences every frame in every view
is always available with no encoding distortion and perfect head position information.
Figures 2.10(a) through 2.10(f) demonstrate the Rate-Distrotion characteristics of the
proposed system when compared to the reference system and to standard MVC. As it
can be seen from these figures the performance of selective delivery systems, both the
reference system and the proposed system, deteriorate with increasingly faster head
movements and longer delays. Additionally, the proposed system outperforms the
reference system at lower bit-rates but usually the reference system is slightly better
at higher bit-rates. However, as the operating conditions get worse, the proposed
system performs increasingly better when compared to the reference system, but the
advantage in relation to MVC starts to decrease. MVC outperforms both selective

delivery schemes for fast head movements with high delay.

Compression efficiency, latency trade-off

As mentioned in Section 2.2.3, there is a trade-off between the compression efficiency
offered by a longer GOP and introduced latency due to the decoding delay. We have
experimentally found that a GOP of 16 frames results in a poorer received video
rate-distortion performance. The poor performance of 16 frames GOP is caused by

two factors: the prediction distance can be increased to compensate for the GOP
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size, which results in more frequent prediction errors, or a short prediction distance
can be used but then some of the frames might be missed if the beginning of the
GOP is missing. We have found a GOP of 8 frames to be best suited compromise for
the proposed selective delivery system. Although a 4-frame GOP offers better latency
performance, it is not enough to offset the compression efficiency lost to frequent IDR-
frames, except for very fast head movements where quick stream switching is very
important (see. Fig. 2.10(e)). However it should be noted that in such situations
the proposed selective delivery system offers little, if at all, performance gain over
sending the whole MVC stream in high quality. Therefore a GOP of 8 frames is

optimal whenever the proposed system is feasible.

2.3.4  Optimal Mode Selection

In light of the results presented in Section 3.3.3, the received video quality clearly
depends on the abruptness of the head motion and the delay in the system supporting
our reasoning in Section 2.2.4. In order to address the optimization problem defined
in Section 2.2.2, we have computed the prediction error variance metric as proposed
in Section 2.2.4 for the predicted head trajectories. Fig. 2.11 shows how the metric
changes with prediction distance for different head trajectories. It can be clearly seen
that the prediction becomes very unreliable for faster head trajectories. Fig. 2.12 is a
scatter plot of all available multi-view video delivery experiments. It shows three sets
of data points for four, six and eight views in the base layer. In order to obtain these
data points a filtering operation was performed on the data points to remove samples
which contain more views than strictly necessary, i.e. a data point was removed if and
only if it provides exactly the same average quality with a base layer with fewer views
at the same encoding settings. This filtering method ensures that the base layer with
fewer views, and thus lower bit-rate, is favored at the quality level. These removed
data points correspond to experiments where additional views in the base layer lead
to no PSNR improvement at all, when all other conditions are the same. The decision

lines were fitted to the data points in the least squares sense and denote the average
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Figure 2.11: Prediction error metric vs. the prediction distance for different head
trajectories.

expected quality for a prediction error metric value. Therefore, for a prediction error
metric value, the highest line is the optimum line. As it can be seen from the figure,
0.15 is found to be the decision boundary between SMVC4 and SMVC6. Four views in
the base layer are enough, if the prediction error metric is lower than 0.15. Six views
are better otherwise. There is no intersection between the decision line of SMVC6
and SMVCS8, which suggests that the bandwidth cost of two additional views is not
feasible, since the prediction hardly ever fails badly enough that the required views

are not contained in a base layer with six views.
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2.4 Conclusions

We presented an encoding scheme for multi-view videos, which makes use of MVC
and SVC concepts. Additionally, we have introduced a novel transmission method for
the proposed encoding scheme. The proposed transmission scheme features selective
delivery of views, such that only the views are delivered which are required to display
the user’s current view. The proposed scheme also contains methods to predict the
user’s future head positions and to adaptively control the number of low quality views
in the base layer according to the prediction error variance. We have shown that the
proposed system outperforms MVC in the sense of transmitted bits for most operating
conditions and is up to 3dB more efficient in some cases. Total size of the compressed
representation, however, is larger. It was found out that the low quality neighboring
streams are well worth their bandwidth cost, since they allow play-out of the stereo
video to continue when the viewpoint prediction errs by one view. We have also
observed that accurate viewpoint prediction is very important for the performance of

the system.
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Chapter 3

DELIVERY OF MULTI-VIEW VIDEO USING
APPLICATION-LAYER MULTICAST

3.1 Introduction

Projects such as three dimensional television (3DTV) and free-viewpoint television
(FTV) aim to enable viewers to freely roam in reconstructed 3D scenes, and ultimately
to achieve a technology similar to the famous ‘Holodeck™ in the Star Trek series.
While the Holodeck goal may be somewhat distant for now, less far-fetched varieties
of interactive 3D entertainment can be in living rooms in the very near future.

The first products to offer interactive 3D will most probably based on a technology
to show two 2-D views such that left and right eyes of the viewer see the scene from
their respective viewpoints, creating an illusion of 3D. Various enabling technologies
for this, such as polarizing filters and glasses, shutter glasses, and autostereoscopic
displays have already reached a certain level of maturity. To provide interactivity,
such a system needs to know from where the viewer is looking at the scene so that
correct views are fed to the eyes. The user’s viewpoint can be determined by various
techniques ranging from explicit use of a mouse to a complex head and eye tracking

system.

3.1.1 3D Representations

Once the viewpoint is determined, there are two broad approaches on how to gen-
erate the corresponding views. Texture mapping geometric models of the objects
in the scene is commonly used in computer graphics applications to render views

of computer-generated objects. However the computational complexity of rendering



Chapter 3: Delivery of Multi-View Video using Application-Layer Multicast 34

high-resolution, photo-realistic, novel views from a 3-D scene is highly dependent on
the scene geometry and is usually very high for real-time applications [6]. Moreover
accurately capturing 3-D geometry of real world objects is still an unsolved problem.
The other general approach, Image Based Rendering (IBR), aims to generate novel
views of the scene using captured images from a multitude of viewpoints. The idea
behind the IBR systems is the seven dimensional plenoptic function, which describes
all potentially available optical information in a given region [16]. Various IBR sys-
tems, such as light fields [6], are simplifications of this plenoptic function. Pure IBR
systems do not assume an explicit 3-D model of the scene. However as suggested by
Kang et al. in [17], there is a continuum of image and geometry based representations
and a trade-off between the amount of geometry information and number of necessary
views for a good rendering.

The reconstruction quality of IBR systems depends on the sampling density in the
camera plane or the availability of the scene geometry. As a result IBR representa-
tions without some form of geometry information require large number of cameras to
capture the scene and generate enormous amounts of data for a good reconstruction
quality. Even though previous research [18] [19] [20] suggests very high compression
rates, these come at the cost of difficulty in interactive viewing. It appears unlikely to
expect compression algorithms to be developed, which allow interactive viewing and
reduce the data rate to levels that make it feasible to stream over domestic broadband
connections in the near future.

Other IBR systems, such as multi-view videos, make use of the geometry infor-
mation to reduce the required amount of data. The most common form of geometry
information used in such systems is depth or disparity maps. Previous work [2] has
shown that the depth information can be compressed to about 10-20% of the video
stream without perceivable quality loss. In the case of a system with 8 views and 8
corresponding depth maps, this corresponds to about 9 to 10 times of the original bit
rate of a single-view video. Therefore, to send such high-bandwidth multi-view video

over existing broadband connections, there is a need for novel networking schemes,
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which make efficient use of the available bandwidth.

3.1.2  Multicasting Solutions

Multicasting is a method to efficiently transport packets from one or more senders
to a group of interested clients. Multicasting paradigm aims to prevent sending of
duplicate packets to clients in the network in order to utilize the network resources
more efficiently. In the case of network-layer multicast, the sender sends every packet
only once. These packets get duplicated at multicast-enabled routers as needed and
forwarded to other members of the multicast group. Even though network-layer mul-
ticasting is almost always the most efficient method to distribute information to a set
of interested clients, it is not widely deployed in practice because it requires multi-
cast capable routers. Furthermore, although most of the new routers are multicast
capable; security and other operational concerns discourage network operators from
enabling the multicast functionality. Therefore, large parts of the Internet are cut off
from network-layer multicast capability [21].

The alternative to duplicating and forwarding packets at routers is to shift that
functionality to hosts. In application-layer multicast, packet duplication, forwarding,
and management of distribution trees are all accomplished through software at end
points. Therefore, it can be widely deployed easily with little or no investment at
all. Application-layer multicast is not as efficient as network-layer multicast in two
aspects: some packets end up traveling through more hops than network-layer multi-
cast, and some physical links carry some duplicate packets [22]. Two other important
factors which need to be considered when assessing the merits of an application layer
multicast protocol are join-latency and the amount of control traffic overhead to con-
struct and maintain the distribution tree.

Various application layer multicast protocols have been reported to be applicable
to media transport. End System Multicast (ESM) uses NARADA protocol [22] to
deliver video streams to viewers around the globe. A loss resilient variant of NICE pro-

tocol with probabilistic loss recovery was studied for video delivery over RTP in [23].
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In [24], Setton et al. present results for a video streaming system using application
layer multicast, which introduces a rate-distortion optimized approach to up-stream
bandwidth allocation at peers. Moreover Hosseini and Georganas have demonstrated
a 3-D video conferencing system [25] utilizing an application layer multicast protocol,
and introduced the awareness-driven video concept to overcome the up-stream band-
width limitations for multi-user video conferencing applications by only delivering
videos for some of the users, which is essentially parallel to the selective delivery idea,
which is further elaborated later in this chapter.

Our motivation in this chapter is to reduce the bandwidth requirements of multi-
view video delivery by utilizing application layer multicast. In [26], McCanne et al
show that multicasting principle can be further adapted to transmission of multimedia
data by multicasting scalable multimedia data in multiple layers and giving the control
over which layers to receive to the end-points. This concept can readily be adapted
to the transport of multi-view video streams, where each view in the multi-view video
can be assigned to a different layer and the viewer can choose which views they need
to receive and join the corresponding multicast group. As a preliminary proof-of-
concept, we proposed network-layer multicast as a possible solution for the transport
of dynamic light fields, where each view is streamed to a different IP-multicast address
[9]. In that preliminary work, a viewer’s client joins the appropriate multicast groups
to only receive the 3-D information relevant to its current viewpoint.in this chapter
we build on that approach and present a system which employs NICE application
layer multicast protocol to reduce the bandwidth requirements, and therefore costs,
of broadcasting multi-view content over a network.

The remainder of this chapter is organized as follows: First the details of the parts
of the proposed system are described in Section 2. The network emulation results are
presented in Section 3. And, finally the conclusions and a discussion of future work

are presented in Section 4 and Section 5.
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Figure 3.1: The 3DTV multicast streaming system overview

3.2 System Description

We propose to deliver views of a multi-view sequence over NICE application layer
multicast protocol at two quality levels using a scalable encoding: M views out of the
total NV of the multi-view sequence are encoded using MVC at low bit-rate as a base
layer. On top of this base layer, enhancement layers are encoded. The system first
determines the user’s head position and a Kalman-filter based prediction subsystem
predicts the user’s head position d frames into the future. Using the predicted po-
sitions, an error metric is computed at the client to determine the number of views
in the base layer, M. The bandwidth available to the user is assumed to be limited,
therefore as M increases an increased proportion of the fixed bandwidth is allocated
to the base layer. This necessitates an intelligent allocation of bandwidth between
the base layer and the enhancement layers. The server has several sets of the same
multi-view video. Each set is encoded using a different M-number and has different
bit rate allocation ratios between the base layer and the enhancement layers. The
client switches to the appropriate set of streams according to the user’s predicted head
position, its bandwidth and current M-number, which in turn is determined using a
metric based on an estimate of prediction error variance.

In this section, the server side issues are first described in Sections 3.2.1 and 3.2.2.

Then the details of the multicast architecture are presented in Section 3.2.3 and finally
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client-side features are described in the Sections 3.2.4 and 3.2.5

3.2.1 MVC Base Layer with Simulcast Enhancement Layers

The proposed approach to selectively transport the required views over application
layer multicast is using MVC coding with additional enhancement layers exactly, as
detailed in Section 2.2.1. This involves encoding all views together using MVC as
a lower bit-rate base layer. The base layer is spatially downsampled to reduce the
encoded video size. In addition to this base layer, an enhancement layer is generated
for each view as follows: first the decoded video for each view in the MVC stream is
upsampled to the full resolution of the original video and then the difference between
the original videos and the decoded MVC videos are encoded using AVC/H.264.
Alternatively the spatial scalability features of the emerging SVC standard can be
used for this purpose in a similar fashion. These enhancement layers are independently
coded to provide greater flexibility in switching from one view to the next. The coding
structure of the proposed MVC plus enhancement layers can be seen in Fig. 2.2. This
proposed structure benefits from the coding gain offered by MVC, while providing
significantly greater flexibility in view selection, such that a user receiving the base
layer and the enhancement layer for view n, is able to see it at a high quality, while

all other views would be available at a lower quality.

3.2.2 Bit-rate Allocation

Determination of the target quality difference between the base layer MVC and the
enhancement layers presents an optimization problem. The expected values of video
quality experienced by the user needs to be maximized by optimally allocating the
available bandwidth to the base layer MVC and enhancement layers. One dimension
of this bit-rate allocation is the number of views contained in the base layer MVC
representation. In Section 2.2.4 we will discuss how the client selects a set with M
views in the base layer MVC. In addition to the number of views contained in the

base layer MVC, the quality difference between the base layer and enhancement layers
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is another parameter which determines the bit-rate allocation between the base layer
MVC and the enhancement layers. The resulting bit-rate ratio between the base layer
MVC and the enhancement layers is a parameter which should be used to maximized
the quality of the delivered video.

Assuming that the prediction error is normally distributed with zero mean, the
variance can be used to determine the probability of both eyes seeing two low quality
views, which corresponds to low perceived stereo video quality. Since M is also deter-
mined based on the prediction error variance, a larger M entails a larger probability
of using low quality views. Therefore, to obtain the best possible average quality, it
is best to increase the relative quality of the base layer MVC when it contains more
views. It should also be noted that as M increases the bandwidth allocated for the
base layer MVC increases not only due to the increased number of views contained

in the stream but also because of higher quality encoding.

3.2.8  Application Layer Multicast Distribution Network

The multi-view video sets are streamed to the viewers using an application layer mul-
ticast distribution network based on the NICE protocol. Although it theoretically
possible to dynamically construct this distribution network between the end-users,
due to the high band-width requirements of the multi-view video, it is unrealistic to
expect viewers to allocate their precious up-stream bandwidth to forward multi-view
video data to other peers. Additionally, unlike dedicated servers or network equip-
ment, the end-users in cooperative systems are inherently less reliable. Random and
ungraceful disappearance of the end-user nodes poses a problem for the performance
of the delivery tree. Therefore, using a hierarchical approach is better suited for this
problem. As shown in Fig. 3.2, the multi-view video (MVV) server sends the streams
to several “professional” multicast peers over the distribution network. These peers
forward data either to other peers over the distribution network or to connected end-
users over unicast. The peers also forward and process the requests for streams sent

out by the end-user clients.
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Figure 3.2: A sample distribution tree for a small network. The ovals represent the
NICE application layer multicast peers and the small squares represent the end-users.
The bold arrows denote the multi-view data on the multicast distribution network
and the small arrows denote packets delivered from NICE peers to end-users over
unicast.

In NICE protocol, members of a multicast group organize themselves into small
clusters using ping roundtrip time measurements. These clusters also form the lowest
layer, Ly, in the hierarchy. The most central member in each cluster is elected as
the cluster leader and promoted to the next higher layer, L;. Cluster forming, leader
selection and promotion procedures are repeated recursively in higher layers such that
cluster leaders of clusters in L, become members of L, until one member becomes

the root of the hierarchy at the highest layer, L The data delivery paths of the

Nmaz *
overlay multicast network are implicitly defined by the hierarchy, eliminating the need
to maintain states for delivery trees and control meshes separately. When a host h

receives a data packet from another host p, h forwards the packet to all clusters on
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all layers where h is a cluster member and p is not. Organizing the multicast group
members in a hierarchy also has the benefit that each member only keeps detailed
state about its closest neighbors. Therefore, the state information exchange packets
are relatively few and thus control overhead is low.

An independent NICE hierarchy is maintained for each base layer MVC and en-
hancement stream in the multi-view video distribution. The end-user clients send
out requests for these streams according to their current viewpoint and head predic-
tion error variance as described in Section 2.2.2. Each end-user client has a list of
geographically close application layer multicast peers. When a particular stream is
required, the end-user client contacts one of the known peers, which is estimated to
have the best possible connection to the client and requests the stream. If the peer
in question is already a member of the corresponding distribution tree, it already has
the requested stream and starts forwarding packets to the new client immediately. If,
however, that peer is not a member of that multicast group, it contacts the bootstrap
node and requests to join the corresponding multicast group. The bootstrap node
returns with the address of the cluster leader in the topmost layer of the hierarchy.
The newly joining peer contacts the topmost cluster leader to obtain the addresses
of its children in next lower layer, pings those peers, and contacts the closest one to
obtain the addresses of its children. This procedure repeats until the new peer has
joined a cluster in the lowest layer.

The join procedure in NICE protocol requires O(log V) packet exchanges, where
N is the number of members in the multicast group. Thus the join latency can be
estimated as O(log N) times the average RTT in the multicast group. On the other
hand, while the join procedure is in progress, the newly joining member is temporarily
added to the data path of the last contacted cluster leader. Therefore the join-latency
of the NICE protocol is fairly low. In addition to the dynamic join-latencies, the time
of flight changes dynamically for each packet. This dynamic nature of time of flight
is caused by both the physical router queues in the network and the possible path

changes in the overlay network. Therefore the proposed selective delivery system
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needs to adapt to the dynamic and random nature of the application layer multicast
delivery network. We propose to handle the variations in delay by a head position

prediction system, which is the topic of the next subsection.

3.2.4  Viewpoint Prediction for Prefetching

Although a viewpoint in the world is defined by six independent parameters (x, v,
z for position and the Euler angles 0, ¢, 1), we only consider the situation where
the movement of the user is constrained to one dimension. This assumption reflects
the one dimensional physical arrangement of cameras for most multi-view sequences.
Therefore the viewpoint prediction is handled by a Kalman filter with three states,
in the same fashion as [13].

At each time instance ¢, the viewer’s viewpoint is sampled and a future viewpoint
for the time instance t + d is predicted using the Kalman predictor, where d is the
prediction distance. The prediction distance d corresponds to the total delay between
the request for a stream and the arrival of a decodable frame from the requested
stream. This delay until a stream begins playing after the request, is a sum of two
independent delay components: Network delay and decoding delay. The Round Trip
Time (RTT) delay of the connection between the server and the client corresponds to
the network delay of the system, when unicast is employed. On the other hand, the
join latency is the network delay in the case a multicast protocol is used to transport
the streams.

The decoding delay is the wait for an independently decodable frame after the
first packet of a stream arrives. This depends on the distance between independently
decodable frames or the Group of Pictures (GOP) size. A larger GOP size is better for
compression efficiency, but results in a longer decoding delay. However, if a frame is
received, but not decodable by its play-out time, it cannot be displayed to the viewer.
To accommodate for the longer decoding delays, the prediction distance must be
increased as well in order to increase the probability that an independently decodable

frame is received on time. Since the prediction becomes less reliable with longer
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prediction distances; however, a larger GOP will result in more frequent prediction
errors and might cause wrong streams to be fetched from the server. In that case,
the larger GOP adversely affects the user experience and deteriorate the system’s
performance. Therefore, there is a compromise between the compression efficiency
provided by GOP size and the prediction errors caused by the imposed delay. The
increased efficiency offered by a longer GOP can be more than offset by the errors
caused due to a long prediction distance. In the presence of frequent prediction errors,
a couple of redundant neighboring streams greatly improve the system performance,
by providing a view to fall back on, when the prediction fails. However, they come at
a bandwidth cost which offsets the coding gain provided by a larger GOP size. We

present a detailed investigation of these trade-offs in Section 2.3.

3.2.5 Determining the Number of Views in the Base Layer

As previously stated, a longer prediction distance results in more wrongly predicted
streams because the probability of an abrupt head motion increases with the predic-
tion distance. Thus, the performance of the prediction depends, in addition to the
prediction distance, on the abruptness of the head movement as well. This means,
given the same prediction distance and two viewers watching the same multi-view
sequence on two different clients with the same delay to the server, the viewer who
makes more abrupt head movements will experience larger prediction errors and pos-
sibly breaks in the multi-view video play-out.

Therefore, it is clear that the additional views in the base layer MVC improve the
performance of a selective delivery system in the presence of large prediction errors.
The additional low-quality views come at a bandwidth cost, of course, but provide
a kind of insurance against prediction errors. Logically, the optimal number of low
quality views, M, depends on the prediction distance, which in turn depends on
the delay in the system, and,the abruptness of head movements. Using an abruptness
metric and the delay measurements, the operating points of the system can be defined

on a two-dimensional delay-abruptness plane, which can be divided into four major
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regions as shown in Fig. 2.8 with varying suitability for the proposed selective delivery
system.

If the current operating point on the delay-abruptness plane is known, the number
of low-quality views can be changed to adapt to the situation. We propose to use a
running average of the square of the prediction error as a metric to help determine
where in the delay-abruptness plane the system is operating at. The metric for the

nth frame can be computed as shown in Eq. (3.1):

Ro=g 3 0= p? 3.)

i=n—d
where r; and p; are the real and predicted positions respectively for frame ¢ and d
is the prediction distance. This abruptness metric corresponds to an estimate of the
error variance for the last d samples, assuming the prediction error has a zero-mean
distribution. The rationale behind using d, as the window size over which the variance
estimate is computed, is the fact that it corresponds to the unresponsiveness in the
system, because it is a function of two delay components in the system: network delay
(RTT) and decoding delay (GOP size). Therefore, our proposed metric intuitively
combines two most important aspects which affect the prediction performance: head
movement abruptness and the delay in fetching streams from the server and displaying
them. By thresholding the computed metric, the system can estimate its operating
point on the delay-abruptness plane. A low metric corresponds to Region I and a
base layer MVC with a small number of views should be enough. However a larger
metric would correspond to the Region II and Region III, where the base layer should
contain a larger number of views. A very high metric corresponds to Region IV, where
the prediction system is not able to keep up with the head movements given the total
delay in the system and the proposed system might not work very well under such

conditions.
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3.3 Results

3.3.1 Intended Application Scenarios

In addition to the intended application scenarios listed in Section 2.3.1, the application
layer multicast delivery system detailed in this chapter is intended to reduce the
bandwidth requirements at the server, while providing comparable rate-distortion
performance to the unicast system described in Chapter 2.

The proposed system fits perfectly into the concept of displaying multi-view video
on autostereoscopic displays or projection screens. Selective delivery with adaptive
number of views in the base layer MVC aims to keep the bandwidth requirements
low at the clients, whereas application-layer multicast with professional peers dis-
tributes the bandwidth requirements and reduces the costs of delivering 3-D content

to numerous viewers.

3.3.2  Network Ezxperiments

The NICE protocol has been modified such that hosts can simultaneously be members
of multiple parallel multicast hierarchies. Network infrastructure of the ISP firm
Tiscali in Germany as shown in Fig. 3.3, was recreated in the Emulab network testbed
[27] using measurements obtained from the rocketfuel topology database [28]. On that
emulated topology we let end-users connect to the multi-cast peers in a random fashion
in order to simulate worst case conditions. This random join and leave period was
simulated for half an hour at approximately 45 total multicast membership changes
per minute. During this period NICE activity was logged and join-latency, time-of-
flight and packet loss information was later compiled from the logs.

As previously mentioned, application layer multicast has a dynamic join-latency
and time-of-flight for packets. As the histograms in Fig. 3.4(a) and Fig. 3.4(b) sug-
gest these random processes seem to be governed by multi-modal normal distributions.
Therefore, we have modeled these delay components using two separate probability

distributions obtained by fitting Gaussian Mixture Models (GMM) to the experimen-
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Figure 3.3: The backbone topology of ISP firm Tiscali in Germany. (Screen capture
from Emulab user interface)
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tal join-latency and time-of-flight measurements. The fitted distributions can been
seen in Fig. 3.4(a) and Fig. 3.4(b). The higher jitter in the join measurements when
compared to time-of-flight and resulting higher variance of the fitted probability dis-
tribution, should be noted. These distributions were employed during delivered video
quality experiments to simulated the behavior of the NICE application layer multi-
cast protocol when used for multi-view video delivery. Although, not shown in the
figures for visualization clarity, the undelivered packets are included in the time-of-
flight measurements and they are taken into account by the fitted GMM distribution.
There is approximately 6% chance of a packet being not delivered by the application
layer multicast protocol. Although this figure is not insignificant, previous research
suggests a lower delivery performance under frequent membership changes is to be

expected for application layer multicast protocols.

3.3.8  Delivered Video Quality Performance

In order to study the effects of the application layer multicast delivery network, we
have used the join-latency and time-of-flight time models to generate simulated videos
using the Racel multi-view sequence from KDDI. These videos were generated using
the same head trajectories as in Chapter 2 (Fig. 2.9(a) through Fig. 2.9(c)). First
the head prediction was run on each of the head trajectories at various prediction
distances. Then the videos, which would be seen by someone moving on a particular
trajectory, are generated by issuing requests for predicted head position changes,
causing a new join process and testing if actually required frame is available at its
play-out deadline. In other words, the system requests the enhancement streams
for the predicted head position but tries to use the high quality decoded picture
for the actual head position. Naturally, the user is not moving abrupt enough to
trigger stream changes at every frame, therefore time-of-flight model is used to test
the availability of those frames at their play-out deadlines. In addition to availability,
each frame is also tested for decodablity, for a frame to be decodable in low quality,

it must be available and all the reference frames in the base layer MVC prediction
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structure must be decodable as well. Additionally for a frame to be decodable in
high quality, it needs to be available in the enhancement stream, decodable in low
quality and its reference frames in the enhancement stream must be decodable as
well. During test video generation the system first checks if the required frame at a
particular time instance is decodable in high quality, if not it falls back to low quality,
in the case the frame is not decodable in low quality as well, last displayed frame is
repeated.

PSNR metric is computed from the generated test videos using reference videos
for the same head trajectories. During the generation of a reference video for a head
trajectory, the system assumes that all frames are always available in uncompressed
from. Fig. 3.5(a) shows different rate-distortion curves for fast and slow head trajec-
tories at three different numbers of views in the base layer: 4, 6 and 8. As it can
be seen from the figure, the proposed system performs similar to MVC for slow head
movements with 8 views in the base layer, however for other cases the performance
disadvantage to the MVC is significant at the client side. This poor performance is
largely due to the high number of undelivered frames due to multicast delivery tree

instabilities, which arise from frequent node joins and leaves

3.3.4 Bandwidth Savings at the Server

The performance of the proposed system is similar to sending the complete high
quality MVC at the client-side. In order to asses the overall performance of the
system the bandwidth savings at the server-side should be investigated as well. As it

can be seen from Fig. 3.6

3.4 Discussion

We have investigated how the proposed system with application layer multicast deliv-
ery trees performs under different head motion characteristics and GOP sizes. As it
was shown in Section 3.3.3, although the proposed system matches the performance of

MVC under suitable conditions, it suffers from the instabilities in the delivery trees,
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which are caused by frequent join and leave actions of the peers triggered by the user’s
head motions. However, given the nature of current application layer multicast pro-
tocols, such frequent join and leave procedures are bound to cause unstable delivery
trees and thus undelivered packets.

The important advantage of the proposed system is the reduction of stress at the
server node provided by the application layer multicast architecture. Since the multi-
cast peers distribute packets among themselves, the server only sends out packets to
a few multicast peers, as opposed to sending packets to all clients in a unicast system.
However, in order to make most of this advantage, the rate-distortion performance
of the delivered video needs to be improved, such that the system overall provides
more efficient use of bandwidth both at the server and at the client. To this end, the
delivery performance of the application layer multicast protocol needs to be improved

under frequent join and leave actions of peers.
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Chapter 4

CONCLUSIONS

The main contribution of this thesis is the introduction of the selective delivery
in two quality levels. As far as we are aware of, there has been no previous work on
selectively delivering views from a multi-view video representation. We have shown
that selectively delivering the required views, along with a few low quality views as
a protection against prediction errors, can significantly outperform existing delivery
methods for multi-view videos. Additionally we have also introduced a novel encod-
ing structure which makes use of MVC and SVC concepts in order to achieve high
compression rates while providing easy random access at the same time. Our results
show that the proposed coding structure outperforms the reference system, especially
at lower bit-rates.

This thesis also introduces delivery of multi-view video over an application layer
multicast protocol. Although, multi-view video delivery over multicast results in lower
rate-distortion performance at the client side, it reduces the bandwidth requirements
and therefore costs at the server. Clearly, a client-driven multicast architecture for
multi-view video delivery holds great potential. However, more further on application
layer multicast protocols is needed in order to develop methods to reduce delivery tree
instability during join or leave procedures. This would improve the packet delivery
performance of the application layer multicast protocol, greatly improving the quality

of the received multi-view video.
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