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Abstract

In this thesis we propose new techniques and algorithms for improving the quality of Internet video
streaming applications. We formul ate opti mization problems and derive control policiesfor transmission
over the current best effort Internet. This dissertation studies adaptation techniques that jointly adapt
to varying network conditions (network adaptive techniques) and to the characteristics of the streamed
video (content adaptivetechniques). These techniques are combined with layered encoding of the video
and client buffering. We evaluate their performance based on simulations with network traces (TCP
connections) and real videos (MPEG 4 FGS encoded videos).

We rst consider the transmission of stored video over a reliable TCP friendly connection. We
compare adding/dropping layers and switching among different versions of the video; we show that the

exibility of layering cannot, in general, compensate for the bitrate overhead over non layered encoding.

Second, we focus on a new layered encoding technique, Fine Granularity Scalability (FGS), which
has been speci cally designed for streaming video. We propose a novel framework for streaming FGS
encoded videos and solve an optimization problem for a criterion that involves both image quality and
quality variability during playback. Our optimization problem suggests a real time heuristic whose
performance is assessed over different TCP friendly protocols. We show that streaming over a highly
variable TCP friendly connection, such as TCP, gives video quality results that are comparable with
streaming over smoother TCP friendly connections. We present the implementation of our rate adapta-
tion heuristicin an MPEG 4 streaming system.

Third, we consider the general framework of rate distortion optimized streaming. We analyze rate
distortion traces of long MPEG 4 FGS encoded videos, and observe that the semantic content has sig-
ni cant impact on the encoded video properties. From our traces, we investigate optimal streaming at
different aggregation levels (images, groups of pictures, scenes); we advocate scene by scene optimal
adaptation, which gives good quality results with low computational complexity.

Finally, we propose a uni ed optimization framework for transmission of layered encoded video
over lossy channels. The framework combines scheduling, error protection through Forward Error
Correction (FEC) and decoder error concealment. We use results on in nite horizon average rewards
Markov Decision Processes (MDPs) to nd optimal transmission policies with low complexity and for
awide range of quality metrics. We show that considering decoder error concealment in the scheduling
and error correction optimization procedureis crucial to achieving truly optimal transmission.
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Dans cette thtse nous proposons de nouvelles techniques et de nouveaux agorithmes pour am@iorer la
qualitddes applications de streaming vidd sur Internet. Nous formulons des probltmes d’ optimisation
et obtenons des politiques de contr le pour la transmission sur le r&eau Internet actuel sans qualitdde
service. Cette thtse @udie des techniques qui adaptent latransmission lafoisaux conditionsvariables
du r@@eau (adaptation au r@eau) et aux caract@istiques des vid@s transmises (adaptation au contenu).
Ces techniques sont associ @s au codage en couche de la vid@ et au stockage temporaire de lavid@ au
client. Nous @aluonsleur performances partir de simulations avec des traces r@eau (connexions TCP)
et partir de viddbs encod@s en MPEG 4 FGS.

Nous considdons tout d’ abord des viddbs stock@s sur un serveur et transmises sur une connexion
TCP compatible sans perte. Nous comparons les manismes d’ g out/retranchement de couches et de
changement de versions ; nous montronsque la exibilitddu codage en couches ne peut pas compenser,
en g@dh@al, le surcofdt en bande passante par rapport au codage vid@ conventionnel.

Deuxitmement, nous nous concentrons sur une nouvelle technique de codage en couches, |a scal-
abilitd granularitd ne (dite FGS), qui a @dcon ue sp@i quement pour le streaming vid@d. Nous
proposons un nouveau cadre d' @ude pour le streaming de vid@ds FGS et nous r@olvons un problime
d’ optimisation pour un critkre qui implique la qualit@des images et les variations de qualit@durant
I'af chage. Notre probltme d’ optimisation suggtre une heuristique en temps rl dont |es performances
sont @aludes sur des protocoles TCP compatibles diffdents. Nous montrons que la transmission sur
une connexion TCP compatible trks variable, telle que TCP, r@&ulte en une quait@dcomparable une
transmission sur des connexions TCP compatibles moins variables. Nous pr&entons I”impl @nentation
de notre heuristique d’ adaptation dans un systtme de streaming de vidds MPEG 4.

Troisitmement, nous considdons le cadre d’ @ude gdh@a du streaming optimisdsuivant les carac-
t@istiques d@it distorsion delavidd. Nous analysons des traces ddbit distorsion de viddbs de longue
dur@ encod@s en MPEG 4 FGS, et nous observons gque le contenu s@nantique a un impact important
sur les proprid@ des vid@ds encod@s. A partir de nos traces, nous examinons le streaming optimal
diff@ents niveaux d agrd@ation (images, GoPs, scknes) ; nous pronisons |’ adaptation optimale sckne
par sckne, qui donne une bonne qualitdpour une faible complexit@de calcul.

Finalement, nous proposons un cadre d’ optimisation uni @pour la transmission de vid@s encod@s
en couches sur des canaux pertes. Le cadre d’ @ude proposddcombine I’ ordonnancement, la protection
contre les erreurs par les FEC et la dissimulation d’ erreur au ddtodeur. Nous utilisons des r@ultats sur
les Processus de D@ision de Markov (MDPs)  horizonin ni et gain moyen, pour trouver des politiques
de transmission optimales avec une faible complexit@et pour un large @entail de mesures de qualit@



Nous montrons qu’il est crucial de consid@er la dissimulation d’ erreur au ddodeur dans la procdiure
d’ optimisation de |’ ordonnancement et de la protection contreles erreurs a n d’ obtenir une transmission
optimale.
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Chapter 1

| ntroduction

1.1 Maotivations
The Demand for Networked Video Applications

Networked video applications today are still in their infancy. However, as digital video technology
progresses and the Internet becomes more and more ubiquitous, the demand for networked video appli-
cationsislikely toincrease signi  cantly in the next few years. Telecommunication operators worldwide
are starting to deploy new services to get more revenue from their deployed infrastructures (e.g., xDSL,
UMTS, WiFi), manufacturers are constantly creating new innovative products (e.g., cell phones, PDAS,
set top boxes, lightweight laptops), and the battle rages among the top media companies to sell digi-
tal multimedia content online (e.g., Pressplay, iTunes, MovieLink). These giant corporations may not
change the way people work, communicate and entertain themselves within ayear or two  as some
investors wrongly thought at the early days of the Internet  but they will succeed eventually, because
networked video applications can provide businesses and individua swith areal added value.

For businesses, networked video can provide faster and more ef cient communication within com-
panies. For important occasions, executives of some big companies now address al their employees
through the company’s Intranet. The speech can be watched live, or stored and transmitted on demand
at any time of the day, for example to overseas empl oyees. Video communication can also make training
more exible and less expensive than regular training. Thanks to video conferencing and remote col-
laboration through video, employees can avoid traveling for business, thereby saving money and time.
Finally, businesses can use networked video applications to communicate about their products world-
wide, directly from their web page. As an example, some companies now advertise the launch of a new
product by posting the video of the launch event on the Internet.

Networked video applications a so have the potential to improve communication and entertainment



2 I ntroduction

of individuals. In 2002, French people spent on average 3h20 daily watching television'. Networked
video can provide the user with a broader choice of programs than regular TV, as well as interactive
applicationsand user centered content, such as user speci ¢ news. Besides TV programs, home video
isalso apopular application for entertainment (and an important source of revenuefor the Imindustry?).
Delivering movies on demand over the Internet would alow usersto access awider range of content than
video stores, and inamuch faster way. Finally, visual communication can enhance the ordinary telephone
communication among individuals, for instance allowing remote familiesto keep in touch visually thanks
to videophones.

Most of the previously mentioned applications require signi cant support from the network infras-
tructure, as well as speci ¢ hardware or software. The current evolution of the Internet and of commu-
nication terminalsis favorable to networked video applications : these past few years, we have seen the
deployment of high speed Internet connections; al so, the processing capacities of terminals (PCs, PDAS)
has increased, and several video coding systems and standards have been designed speci cally for video
streaming. Still, today, Internet video applicationsare usualy of poor quality. Streamed videos are often
jerky and their quality can degrade signi  cantly during viewing. The goal of thisthesisisto propose new
techniques and algorithms for improving the quality of Internet video streaming applications.

1.2 Context of the Thessand Main Contributions

In this dissertation, we focus on unicast Internet video streaming applications, i.e., videosthat are trans-
mitted from one server (or proxy) to one client. We formulate optimization problems and derive con-
trol policies for video applications over the current best effort Internet; we look particularly for low
complexity optimization procedures that are suitableto serversthat serve alot of users simultaneously.

Figure 1.1 gives an overview of atypical Internet video streaming system. At the server, the source
video is rst encoded. The encoded video images are storedina |e for future transmission, or they can
be directly sent to the client in real time. Adaptive techniques at the server consist in determining the
way video packets are sent to the client, as a function of current network conditions and of reports that
can be sent back from the client. At the client, video packets are usually temporarily buffered before
being sent to the decoder. Finaly, after decoding, the video images are displayed to the user.

In this dissertation, we study adaptation techniques that jointly adapt to varying network conditions
(network adaptive techniques) and to the characteristics of the streamed video (content adaptive tech-
niques). Adaptive technigques are combined with a particular form of video coding (layered encoding),

According to France main audience measure company M @iiam@rie (www.mediametrie.fr).
2At its peak, home video generated half of the Im industry’s sales and three quarter of its pro ts (The Economist,

19/09/2002).



1.2 Context of the Thesisand Main Contributions 3

Source
Video Encoder
. real-time
storage . transmission i
i Client
reports Network-
Network- || _____ <-~"7[7] & Content-
& Content- ' Internet ™ Adaptation
Adaptation For
packets (buffering)
Server
A
Decoder

Figure 1.1: Streaming system

which encodes the video into two ore more complementary layers; the server can adapt to changing
network conditions by adding/dropping layers.

This dissertation makes several major contributions:

We compare adaptive control policies that add and drop encoding layers to control policies that
switch among different versions of the same video. We show, in the context of reliable TCP
friendly transmission, that switching versions usually outperforms adding/dropping layers because
of the bit rate overhead associated with layering.

We present a novel framework for low complexity adaptive streaming of stored Fine Grained
Scalable (FGS) video over ardiable TCP friendly connection. We formulate and solve an optimal
streaming problem, which suggests a rea time heuristic policy. We show that our framework
gives similar results with smooth or highly varying TCP friendly connections. We present an
implementation of our heuristic in a platform that streams MPEG 4 FGS videos.

We analyzerate distortion traces of MPEG 4 FGS videos, we nd that the semantic content and
that base layer coding have signi cant impact on the FGS enhancement layer properties. We
formulate an optimization problem to compare rate distortion optimized streaming at different
aggregationlevels, we ndthat scene by sceneoptimal adaptation can achieve good performance,
for alower computational complexity than image by image adaptation.






