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Abstract

Visual-Quality-Driven Video Networking over 4G Wiess
Broadband

Po-Han Wu
Chairperson of the Supervisory Committee:
Professor Jeng-Neng Hwang
Department of Electrical Engineering

This dissertation intends to develop an effectas@d complete cross-layer
scheduling and resource allocation algorithm fal-tene video camera networks over
the OFDMA-based 4G mobile infrastructure. There tare@ main parts in our research:
Visual Quality Driven (VQD) scheduling as well assource allocation for real-time
surveillance video uplink (UL) transmission, ands¥al Quality Driven resource
assignment for real-time video through an integtatewnlink (DL) and UL system over
the OFDMA-based networks.

In the VQD scheduling for video uplink, we propaae effective real-time video
uplink (UL) framework for mobile wireless cameratwerks over an OFDMA-based
infrastructure. Mobile wireless camera stations)(GScast their videos in real time to
base stations (BS) and then these live video ssemm fed to subscribers to facilitate
real time video monitoring. Based on the visualliguariven utility function, the target

bit rate resulting in the highest possible visuzlgy is quickly set for each UL video by

our algorithm. To optimize the system performareceeal time video packet scheduler



and a spectral efficient resource allocation pokeg derived. This scheduler is also
capable of exploiting the inherent diversity gamedio channel variations. Extensive
simulations demonstrate that our proposed methodigmificantly enhance utility, boost
spectral efficiency, and stabilize the video gyalit

For the integrated system, a comprehensive UL abhdr@mework for wireless
mobile camera networks is proposed. On the UL dius, system collects unicast real-
time video streams from wireless mobile cameracstat(CSs) and forwards them to the
social web platforms having capability to delivesel videos, such as YouTube, Twitter,
Facebook, etc. On the DL side, the aggregatedbvitieams are multicast to multiple
mobile stations (MSs) to facilitate efficient dibtition of these videos in real-time. Since
this utility function has also taken the populaatyvideo contents into consideration, the
number of video layers to be uploaded can be qguiddtermined by our resource
allocation algorithm. A previously published oppmnistic layered multicasting (OLM)
scheduling algorithm is also applied on the DL. @ation results prove that this
proposed novel architecture of ours can signifigagmhance the spectral efficiency and

the users' satisfaction in both the UL and DL dimets.
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Chapter 1 — Introduction

1.1 Introduction

Recent advances in the fourth generation (4G) @sgebroadband networks, such
as |IEEE Worldwide Interoperability for Microwave éess (WiMAX) and 3GPP’s Long
Term Evolution (LTE), have adopted many quality sérvice (QoS) enabling
technologies such as orthogonal frequency divisiwitiple access (OFDMA), single-
carrier frequency division multiple access (SC-FDMAnd multi-input, multi-output
(MIMO) antennas. With these technologies, 4G braadmetwork provides wider signal
coverage and higher mobility, offers an elegant wasadio resource partition, supports
QoS optimization, and has thus been consideredheasnbst appropriate platform for
wireless multimedia networking.

With these advanced wireless mobile broadband t#ogies and deployments of
new generation wireless infrastructure, real-timdeg communication applications,
including video uplink (UL) and downlink (DL) dekvies, are becoming very important
to service providers as the source of many newnbessi applications and also growing
into the new frontiers of telecommunication indystr
However, there are still many open problems to bsolved for different video
applications.

(1). Performance metrics for video networking &milons: The OFDMA-based

networks incorporate several QoS mechanisms toagtee service for different



applications, including data, voice, and video. ldwger, those QoS parameters mainly
focused on PHY layer performance metrics, suchhaesughput and delay. Yet, these
communication oriented metrics do not directly eefl the video perceptual quality

experienced by users accessing the services. lergemperformance metrics for video

networking applications should be designed basedissr experience, expectation of
different applications, and network performancé] [3

(2). Resource allocation and scheduling for raaktivideo uplink transmission: This

scenario considers multiple real-time uplink sufaace video streams over wireless
channels, where the demand for high video quaility law transmission delays needs to
be reconciled with the limited radio communicati@sources in the system and time-
varying wireless channel condition of each usere Thallenge we are facing is how to
maximize the efficiency of aggregate video underlimited wireless uplink resource. In

the real deployment, channel condition of each eotion varies over time and space.
Consequently, video encoding rates in different@anstations (CSs) and the modulation
and coding scheme (MCS) selections of the correipgnsub-channels (SCHSs) in the
BS vary from camera to camera. More specificallysar with good channel condition

can upload/receive data at a higher bit rate MG$, &6 or 64QAM, compared to a user
with poor channels. Therefore, when UL camera atati(CSs) with poor channel

conditions are uploading high encoding rate viddgwsugh the wireless channels, they
can only use lower bit rate MCS, such as BPSKpload their high-quality video data.

The system performance will definitely be degradee to poor radio resource usage.



Besides, each CS maintains a buffer of video pacdkestdy to be transmitted to the BS.
For real-time video services, each packet has dlideatime stamp and needs to be
delivered before this deadline. Otherwise, it beesraxpired and will be discarded. In
other words, the video rate of each UL CS shoulddrefully determined according to
the available resource and corresponding channaittons, and the real-time packet
scheduler should try to deliver the buffered pagsket time. Thus, for efficient video UL
delivery to result in optimal system performance,mechanism comprehensively
considering resource allocation, video rate adeptatind real-time packet scheduling
along with MCS selection are crucially required.

(3). Resource allocation and scheduling for reaktivideo multicasting : For the real-
time video DL services to groups of subscriberghsas IPTV or broadcasting live
events, multicast is obviously the most efficierstywo deliver these applications over the
resource-limited wireless networks [45]. Howevdne tchannel condition can vary
considerably across the subscribers. When the vglé@ansmitted at a lower MCS, all
users can receive this video but more radio regoisrconsumed, which results in lower
number of videos, or low encoding rate videos, lbartransmitted. On the other hand,
when a higher MCS is adopted for transmission, asbrs with good channel conditions
can access this video, but those with poor chammelg be starved from receiving any
data. Therefore, how to effectively determine tidew encoding rate and assign MCS is

the main challenge when we try to optimize thegrenince of multicast applications.



(4). Resource allocation for real-time video trarssion in the UL and DL integrated
system: Recently, a new application considering#ad¢time video delivery over the UL
and DL integrated framework has attracted a loaténtion. In this scenario, video
cameras mounted on mobile devices capture the yidéhb live events and immediately
upload the captured videos via wireless channela teocial web platforms having
capability to deliver live videos, such as YouTyb8] or Facebook, for real-time sharing
or distributing the video contents to groups of suibbers. For this new application,
several issues arise for the network resource altmt while preserving the optimal
system performance.
(@) In this integrated system, multicast shouldchesen to efficiently distribute
the real-time video contents to DL subscribers.
(b) As described earlier, the radio resource istéidhand channel conditions of
UL CSs and DL subscribers vary frequently over tiamel location. The video
encoding rate decided on the UL side may not besthetions to result in the
highest satisfaction from video subscribers on [he side. Thus, a resource
allocation algorithm jointly considering the UL C®svironment and DL users’
requirement is indispensable.
In this dissertation, we aim to develop an effect@nd complete cross-layer resource
allocation and scheduling algorithm for real-tim@iocast UL video delivery, multicast
DL video distribution, and video transmission ire tdL and DL integrated system over

the OFDMA-based mobile infrastructure. For the #teéak unicast UL video delivery, a



Visual-Quality-Driven ¥QD) utility function is adopted as the performancetmoe
Based on this utility function, the target bit ratievideo encoder resulting in the highest
possible utility can be quickly set for each UL Surther, avQD real-time packet
scheduler considering utility, head-of-line (HOL)elay in the buffer, averaged
transmitted rate of each CS, and incorporating gheposed high spectral efficient
resource allocation policy are derived to reachopiEmal system utility.

In the UL and DL integrated system, the layer-emcbdideo, such as scalable video
codec (SVC) [49]-[52], is adopted to facilitatexilele and robust data rate adaptation for
users under rapidly fluctuating channel conditidgagther, the utility function taking into
account both the video perceived quality and tllewichannels' popularity is adopted as
the performance metric. On the DL side, a previpysbposed opportunistic layered
multicasting (OLM) scheduling algorithm [13] is digal as the solution to distribute the
videos to mobile station (MS) subscribers. It ipatale of selecting a best subset of MS
subscribers to receive a particular video layehwitview to maximizing the total utility.
The OFDMA frame-based FEC code is also incorporéteednhance the robustness of
multicast. On the UL side, a proposed algorithnorporating the OLM method can
quickly decide the number of video layers to beoapkd, resulting in the highest total
utility, for each UL video. To optimize the systgrarformance, a real-time UL packet
scheduler is also derived. Using 4G mobile netwardtocols and a realistic wireless

channel model, it is demonstrated through our esktensimulations that all our proposed



methods can significantly enhance utility, boosecfal efficiency, and stabilize the

video quality.

1.2 Contributions

The contributions of this dissertation are as fofio

* To real-time video uplink system, an effective amtbvative cross-layer algorithm,
which comprehensively considers the video targetdie configuration and real-
time packet scheduling along with the resourcecation, is proposed. By using the
proposed rate adaptation algorithm, the targetrdi¢ resulting in the highest
possible utility can be quickly set for each CS.opdimize the system performance
and reach the highest possible utility, the raaktipacket scheduler and a spectral
efficient resource allocation policy are thus dedyv

* A visual quality driven utility function, having osidered the video perceived
quality and the importance of video content, isrfolated as performance metric of
our uplink surveillance video system. This utilitynction is flexible and applicable
with any video objective or subjective quality niesr

* An enhanced greedy heuristic method, which focusesnaximizing the per slot
and total utility, is proposed to quickly set tlaget bit rate for each UL video.
Extensive simulation and the analysis for this atgm are provided to demonstrate

the performances.



Our proposed real-time packet scheduling algorijomtly considering each CS's
unit utility gain, average throughput, and queuitgday, is also shown to be able to
exploit the inherent diversity gain due to wirelekannel variation.

A spectral efficient resource allocation policydsrived to determine the number of
slots to be assigned to a CS which is selecteddlmading by real-time scheduler.
For the integrated system, to our best of our kedgk, our proposed framework is
the first one to provide the systematic solutionifyorporating the UL unicast and
DL multicast algorithms.

The structure of a UL camera using layer-encodeioviis clearly defined. It is
proved that the UL bit streams of base and enhaecttayers in CSs ought to be
classified into different queuing buffers.

To optimize the utility for DL users, the OLM schuithg [13] is employed on the
DL side. With respect to uplinked video layers, @eM selects the best subset of
MSs for each video layer to maximize the totalitytiland concurrently assign the
most efficient MCS to transmit the data.

The proposed UL algorithm combines the OLM methmddlect most suitable UL
CSs to transmit more layers to optimize total wytilunder resource constraint
conditions.

The OLM algorithm is further applied to estimatee ti) possible number of
receivers and (ii) potential utility of each viddayer, deliberating the DL

subscribers' channel qualities. It proves to bdiegige to a real system.



1.3 Dissertation Roadmap

The other parts of this dissertation are organaetbllows.

Chapter 2: In this chapter, we first introduce the essert@icept of radio resource in
the OFDMA wireless systems. Then we review the mgeroposed works which are
related to scheduling and resource allocation fdew UL and DL transmission over the
wireless networks.

Chapter 3: Our proposed systematic algorithm for a real-tinmgew unicast uplink
system is detailed in this chapter. First, therigation of visual quality driven utility
function is introduced as the performance metrigitter, the enhanced greedy heuristic
method for video encoding rate adaptation is preskeriThe video rate resulting in the
highest possible utility is quickly set for each Wideo by this algorithm. To optimize
the system performance, i.e., to reach the tardaitechte and utility, a real time video
packet scheduler and a spectral efficient resoatioeation policy are both derived.
Analyses for proposed rate adaptation algorithm @ad-time packet scheduler, along
with the extensive simulations will be provided temonstrate the outstanding
performance of all proposed methods.

Chapter 4: The proposed integrated UL and DL framework aes@nted in this chapter.
We first introduce our previously published OLM micdst scheduling algorithm to serve
as the solution of DL side. Moreover, in this systé¢he utility function that incorporates

both the video perceived quality and the video de#si popularity is adopted. In order



to determine the number of video layers, which lkexyin the highest system utility, for
each UL video, an UL algorithm comprising the OLMthod is proposed. It can be fast
decide the optimal number of layers for each ULewid To optimize the system
performance, a real-time UL packet scheduler is gloposed. Our integrated system
comprising the OLM not only can estimate the wtitid be generated for each layer in
real-time, but can also select the UL CSs to trainsrare layers to optimize the overall
utility. In other words, a complete integrated Wwdeansmission system is constructed.
Chapter 5: The conclusion of this dissertation is presenteck iy summarizing our
main contributions and also discussing the extensworks which leads to potential

research topics in the future.
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Chapter 2 — Backgrounds and Related Works

In this chapter, we first introduce the essentiedaept of radio resource in the OFDMA
wireless networks. After that, we review severakrgly proposed works which are
related to scheduling and resource allocation idew UL and DL transmission over the
wireless networks.

2.1 Radio Resource in OFDMA-based Mobile Network

2.1.a Subchannel and Slot Composition in WIMAX ®IRCFrame
For OFDMA systems, such as IEEE 802.16e WIMAX, thdio resource is
organized into OFDMA frame structure, as shown iguFe 2.1, and allocated in both
frequency and time domains. In the frequency domidie subcarriers are grouped to
form sub-channels (SCHs) according to differentrpgation schemes. In particular, the
band adaptive modulation and coding (AMC, or baiM&A scheme groups connect
subcarriers (eight data subcarriers and one pubtarier) with a frequency bin, as
shown in Figure 2.2. One, two, or three adjaceaquency bins over respectively six,
three, or two consecutive OFDM symbol frames inetiform a slot, which is the basic
unit of radio resources that may be assigned tospegific user (in this case, a CS).
AMC permutation enables multi-user diversity by oking the SCH with the best
frequency response and is adopted for UL in thiskwBesides, in [27] and [28], the

OFDMA frame duration is set to 5 ms and the chaonbkrence time is also assumed to

be 5 ms [28].
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Another commonly used scheme is the diversity péation. It pseudo-randomly
draws the subcarriers to form a SCH in frequencynalo and thus provides better

frequency diversity so that the channel qualityless likely to be affected by frequency
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selective fading. It is also called partially usatcarrier (PUSC) mode and is adopted

for DL in our work.

2.1.b Video over Multicast and Broadcast ServicéiivIAX

In WIMAX, multicast is operated by a central basation (BS) direction to the
mobile stations (MSs) within a cell sector to Iiste to a particular slot. In order to
support the multicast and broadcast services (MB%®),WiMAX standard specifies a
space-time coding (STC) zone, called MBS OFDMA zomihin each DL frame [27].
Each MBS zone shall consist of several sub-chanmelthe frequency domain and
several OFDM symbols in successive time intervalsresources within this zone are
dedicated to multicast service. As shown in Fid, the MBS zone may either share the
DL frame with other uni-cast services, or may ogctipe entire DL frame. The radio
resources within the MBS zone are also partitiomtd slots. A slot is the minimum
granularity data allocation unit in an OFDMA franaes, already described in the previous
section. The total number of slots within each ebbannel in the MBS zone is
predetermined and cannot be changed.

For the video DL multicast in this dissertatione focus on how to assign the
resources in a MBS OFDMA zone. Since the MBS zandedicated to the multicast

traffic, other types of traffic will not be consicl.
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2.1.c Modulation and Coding Schemes in IEEE 802WWB@AX

A slot may be modulated at oneMfdifferent rates €(m); 1 < m< M} according
to a specific MCSn (see Table 2.1). For IEEE 802.16e [24]= 7, andC(m) = [9.6 14.4
19.2 28.8 28.8 38.4 43.2] Kbps/slot=1,2,...,7 The total amount of radio resource is
limited to Gy slots per OFDMA UL frame. The modulation rate ®sen to ensure the
bit error rate (BER) is kept below a preset SNReshold (TH) for a given channel
quality index (CQI). Thus, given a CQDb(f)), the corresponding highest possible
modulation rate, noted as(bw), can be uniquely determined. CQIs are frequently
estimated by the BS based on received pilot sulecarDue to fast and slow fading, the
CQIs between a CS and the BS vary over differesguency bands. In this dissertation,
we use the normalized capaditft) to serve as a good approximation to the instantasneo

CQI at timet when a specific MCS is chosen, as shown in Taldle 2.

Table 2.1: MCS (m), Slot Capacity@), and Normalized Capacitp)in [20]

Type Modulation SNR TH (dB) Capacity Normalized
(m) and Code Rate (C :Kbps/slot) Capacity (b)
(bits/subcarrier)

1 QPSK 1/2 5 9.6 1

2 QPSK 3/4 8 144 15

3 16 QAM 1/2 10.5 19.2 2

4 16 QAM 3/4 14 28.8 3

5 64 QAM 1/2 16 28.8 3

6 64 QAM 2/3 18 38.4 4

7 64 QAM 3/4 20 43.2 4.5
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2.2 Related Works

2.2.a Resource Allocation and Scheduling for RemleTUnicast Video Uplink System
To overcome the hurdles of deploying wireless-tiga¢ video uplink systems
discussed in Sec. 1.1-(2), the scheduling and resallocation scheme plays a crucial
role. Round robin (RR) [24] is a simple schedulaigorithm but commonly adopted in
the practical wireless system to fairly assign ésource one by one to all connections.
However, it cannot satisfy various service requeata from different wireless users.
Thus, Weighted Round Robin (WRR) [42][43] and Weggh Deficit Round Robin
(WDRR) [44] have been applied for scheduling inindpldirection. Both methods still
allocate the resource one by one but the numballaxfated resource may be determined
based on their predefined weights. The weights lmmelated to queue length, packet
delay, or the number of slots [43][44] and may hmaimically changed over time.
WDRR can further avoid the issue of missed oppdtiesby using the deficit Counter
(dc), which records the number of slots to be a&sigo each user in each round. If the
value of dc is too small to allow one packet toupdoaded, then this dc value will be
saved for the next round. The main advantage cetRR variations is their simplicity so
that is easy to be implemented, but we cannot enfte the serving order and do not
consider each user's channel condition for the dadbe of this type. In the wireless
networks, there is a possibility to explicitly agsithe slots to some connections in urgent

need, thus needing to specify the serving ordethodigh changing the serving order
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makes scheduling more complicated, it allows thstesy to control the maximum delay
and jitter values.

Many cross-layer (PHY and MAC layers) QoS-guarasteeheduling schemes
for IEEE 802.16 (WIMAX) systems have been reported[3]-[7]. These methods
generally evaluate serving priority by jointly catexing all connections' channel
conditions and QoS requirements. The method prabasg3] requires a significant
overhead for a low-power mobile station (MS) toagu status information, such as
delays of all packets and requirements of bandwjidtiSeveral efficient user/connection
based schemes have subsequently been proposethianedcto be more suitable for UL
scheduling [4]-[7]. The proportional fair schemeF@ [8] has been widely used in
mobile networks with the objective of maximizingtlong-term fairness and throughput.
However, it has no mechanism to guarantee the @o%®efl-time services. Later, an
improvement is proposed in [9] that jointly consgl®FS, capacity prediction, and video
rate adaptation to support the QoS requests of idlieos. Well-known scheduling
strategies, such as M-LWDF and EXP [10]-[12], fisaie real time video streaming by
guaranteed minimum throughput and enhanced MSifyrgxheduling.

In order to achieve high video quality for real#imrideo streaming over the
mobile 4G network, it is necessary to adaptiveljustdthe target bit rate of the video
encoder based on actual wireless network statoh, &sifrequently changing error-prone
wireless channel condition or delays resulting frostwork congestion. However, not all

resource allocation works consider this issue. Wbk in [4] concentrates on supporting
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QoS by real-time scheduling and transmission rasgament, i.e., the number of
packets to be delivered in each OFDMA frame, wisctietermined based on each user's
instantaneous channel quality and the number ¢f slssigned. It only considers constant
bit rate (CBR) application without rate adaptatimechanism. Similar situation can be
seen in [3][5][6]. An adaptive rate control for iae video over 802.16e network by
observing each CS's average throughput fluctuasomprovided in [46]. When the
average throughput is stable and above a predeimeshold, it implies that the network
bandwidth is sufficient and the video encoder canaldjusted to a higher bit rate.
Otherwise, the bit rate should be adjusted lowerabse the network is congested. In
[47][48], a method which first estimates the poksitapacity of each CS, then scaling
the encoder’s target bit rate based on the obseraeket loss rate is proposed for WLAN
system. The work in [9] extends the concept in @8] to the system in 4G network by
jointly considering PFS scheduler, fair resourckcailtion, capacity prediction, and
packet loss rate and proposes a cross-layer solfhio QoS-guaranteed video uplink
system. These existing works focused on QoS paemat PHY layer performance
metrics, such as packet loss rate, throughput, jdared. Yet, these communication
oriented metrics do not directly reflect the petoaep quality experienced by the
subscribers.

Recently, the perceived quality of video networkiagplications, commonly
formulated as a utility function to be optimize@dshbeen promoted as a more appropriate

performance metrics for wireless video streamir]-[16]. These works focused on the
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downlink (DL) radio resource allocation problem$ieTgreedy method in [16] has been
extended to the scenario of uplink video schedyliri§[18]. However, these algorithms
do not scale-up well with increasing users duénéorteed of tracking resource and utility
variations. In [19], a framework for joint DL and_UWeal-time mobile video transmission
in a wireless camera network (WCN) is proposed. Vigeos from UL CSs are

scheduled according to the feedback of qualityxpieeience (QoOE) aggregated from all

DL multicast MSs.

2.2.b Resource Allocation for Integrated Downlamd Uplink Real-Time Scalable
Video System
As described in Sec. 1.1-(3) and (4), multicashéesmost efficient way to deliver
the video streams to group of mobile subscriberSgMover the wireless networks [45],
and thus is adopted as the DL solution in our matsgl system. With such a service,
groups of MSs on the DL side can view popular viggograms at real time while
roaming around metropolitan regions.

The inclusion of wireless multicast and broadcassarvices in the WiMAX standard
[20][27] offers great promises to provide real-timéeo multicast services, such as IPTV,
over WiIMAX channels [53]-[57]. Recently, several tik® on multicast service over
802.16 have been reported. In [58] and [59], annoe® of how multicast/broadcast
services (MBS) are supported over the WiIMAX staddarproposed. The analysis for

the protocol structure in case of video/IPTV delwes also introduced in [60]. In [53], a
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two-level superposition coded multicast servicprigposed. The video data is partitioned
into basic quality data and enhanced quality daid laoth are transmitted albeit at
different rate. The goal is to ensure subscribatists (SS) can at least receive basic
quality data even at bad channel condition. Nougsoallocation issue is considered in
this work. Some optimal resource allocation aldonis for the layered video delivery on
the internet were proposed [59][61]. However, withoonsideration of adaptive MCS,
they cannot be adopted in a wireless scenario54f, [SVC is incorporated and every
subscriber is guaranteed to be served witimpulsorylayers of videos. With remaining
radio slots in the MBS zone, the video program ky@r that maximizes anarginal
utility measure will be chosen. The dependency between lbgsr and enhancement
layer in SVC is not explicitly exploited in this g@ach. In [55], the base layer is
transmitted in a MCS that maximizes the numberectivers. Subsequent enhancement
layer videos are assigned based on a similar hieucisterion of maximizing marginal
utility. Fairnessis imposed by using the logarithm of the MCS &dehe definition of a
utility function. A constraint on feasible rate w@@ssign is imposed based on the
dependency of enhancement layer video to the lagse Video.

Recently, the concept called opportunistic multicesheduling [62] has attracted
growing attention. In contrast to opportunistic aast scheduling [8], which schedules
the best subset of users in each transmission deivee different content separately,
opportunistic multicasting schedules the best dubfaisers in each transmission to

receive the same content. The works in [63] and féther show that the throughput
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capacity of opportunistic multicasting can be ferthmproved by collaborating with
forward error correction (FEC) codes, and the thhgut can be further improved when
temporal optimization across scheduled frames mslgcted. Authors in [65] propose an
opportunistic scheduling algorithm based on fixatkrof FEC code and throughput
requirement per resource unit.

For the scheduling and resource allocation on theside, many works, including the
QoS-guaranteed and visual quality driven algorithimsve been introduced in Sec.
2.2.(a). As for UL and DL integrated system, théitutfunction reflecting the perceived
quality of video subscribers, i.e., the satisfattievel of the subscribers’ access to the
service, is adopted as the performance metrichigr gystem. Existing works [13]-[16]
incorporating perceived visual quality as part bé tutility function for multimedia
communication are mainly focusing on the downlialio resource allocation problems.
The greedy method in [16] is extended to the scermdruplink video [17][18]. Authors
in [17] also consider the video’s popularity frommbscribers on the DL while allocating
resource to each UL video. The unicast scenaapdied for DL subscribers. The work
in [18] proposes a SVC upstream system includimg &nd on-demand videos. and its

focus is on solving the resource allocation probieside each UL camera.
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Chapter 3 —Resource Allocation for Real-Time Surveillance Vido

Uplinking over OFDMA-Based Wireless Networks

3.1 Overview for Real-Time Surveillance Uplink Video §stem

Wireless or mobile surveillance systems that irgegwireless cameras or ad-hoc
wireless video sensor networks with moving vehiadesnobile devices have become
reality [1], [2]. As shown in Figure 3.1, videaeams captured by wireless or mobile
camera stations (CSs) are uploaded via uplink (Mikgless channels to a control center
where the acquired videos can be archived, analgadbr distributed.

Surveillance systems of this kind have numeroysiegtions, including real time
traffic monitoring, facility monitoring, combat/rege operation monitoring, disaster
relief and damage assessment, etc. Depending oifis@gplication scenarios, different
quality of service (QoS) requirements may have a@oibposed on the design of such
systems. For example, video streams that repaitadrunfolding events will require high

QoS levels compared to streams that contain natgven

() : (_(i)_ Disk Array
=
S T

Control Centre

Core Network

Figure 3.1: Real-time video surveillance system over mobilevoeks
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In this chapter, we consider the scenario wherkiphailive surveillance videos,
from either fixed or mobile CSs, compete for wisslehannels to upload their videos to
the BS. The key innovation of this framework isuse visual quality driven utility
function to decide how the long-term UL video béte and the real-time UL radio
resource are to be assigned.

In a realistic wireless environment, the radio cspen is limited and the
channel conditions of UL CSs vary frequently ovearet and space. For efficient video
uplink delivery in a WCN, the target bit rate fdf @Ss should be decided according to
the available resource and corresponding utilityrtiiermore, service scheduling and
modulation coding scheme (MCS) should be chosematditate real-time delivery.
Based on these settings, UL resource allocatiobl@nts are formulated and optimized
in this chapter. There are 2 key objectives of thawk: 1) In order to maximize the
system utility, a long-term encoding rate assignnm@oblem has to be formulated to
decide the target bit rates for all CSs. Towar@sdbal, a fast and effective visual quality
driven algorithm is proposed to quickly obtain thest utility and bit rates for all CSs.
The complexity and approximation analysis resuftghts algorithm indicate that the
solution is in a close proximity to the optimum arah be achieved in polynomial time. 2)
In order to achieve each CS's target utility anddie obtained from the first objective, a
real-time scheduling problem needs to be solvedvafds this goal, a utility-based
priority function which is able to exploit the disity gain embedded in channel

variations is designed as the scheduler. By ingatpa it in the proposed slot
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assignment policy, not only each CS can achieviaitget utility and bit rate, but also can
the system improve its overall throughput. Advaetagf the proposed algorithms for
both objectives 1) and 2), including some 80% membanced utility, extremely low
packet loss, much higher throughput, and more etaldeo quality, are all demonstrated
in simulations utilizing the realistic wireless cmel model and the 4G network protocol

parameters.

3.2 Resource Management Problem for Real-time Uplink/ideo

In this chapter, UL resource allocation problemesfarmulated and optimized by
2 key steps. 1) In order to maximize the systerityytia long-term encoding rate
assignment problem has to be formulated to dedidetdrget bit rates for all CSs. 2)
Since each CS's target bit rate along with thestanglity are determined in 1), to achieve
each CS's target, a real-time scheduling problezdsi® be solved. We will describe and
formulate the objectives 1) and 2) in subsecti@aBand 3.2.b respectively.

3.2.a Long-Term Video Rate Assignment Problem

AssumeV video streams, each captured by a CS, are tolbadgw to the control
center via OFDMA-based wireless uplinks. Each ugilogvideo is assigned a target bit
rate by the BS from different encoding rate modes. More specificallg, denote
Ro=[R,,] (in bps) to be ah x 1 vector consisting of tHeallowable target bit rates, e.g.,
Ro= [500 700 1000 1200]Kbps,I=1,...,4,and each CS needs to be assigned a bit rate

from Ry for uploading. Further, we define ahx L assignment vecta, = [a,]. If the V"
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CS is assigned with tH& rate modeay, is set as 1 and other elementsiimre all 0.

Thus, the bit rate assigned to #feCS, noted aR, , can be expressed as:
L
Rv =a‘vRO :Z|=la\/,IDR/,I . (31)

For long-term bit rate assignment, the average @@hch CS over a longer
period of time (e.g., for couple seconds in a tamaé application) is required. In this
work, the average CQI of th& CS up to time, i.e.,b,2t), is evaluated using an

exponential window:

b0(t) = Q- p)I(t=2)+ o (Y. (3.2)
andp is empirically set as 1/50 for real-time servif&H],[22].
Now we define the average slot capal{§’qt) = 9.6"0,*'Yt) Kbps/slot [20], as
shown in Table 2.1. This value is instrumentahea task of estimating the average slots
required when a bit raf,; (Kbps) is assigned to a CS by the BS. For'thait rate mode,

the average number of slots require®is=[ R, /C,**9]. Thus, the average number of

slots needed by thé" video stream is expressed as:

C;v = Z:-:lav,l |:G"v,l . (33)

In OFDMA, the total number of slots available atle OFDM burst is caped @b

slots. Hence, the radio resource constraints caegresented by (3.4):

Z\\;lGV = vaz |L=1aVv' [GV" = Gb (3.4)
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The utility function of networking applications igeneral should directly tie
together expectations to applications and userepéon [36]. In the video uplink
systems, for the purpose of qualitative analysispmmon approach is to represent the
utility as a function of both video quality metriesd subjectively calibrated parameters
[17][32]. The calibrated parameters can be assigmedlifferent criterion[23][32] of
applications. In this work, we assign a weight dast, to reflect the importance of a
video which is a situation-dependent subjectiveedon that ties closely to visual quality
perception of surveillance systems. For exampleidao showing an emergency event
should have a higher priority, i.e., highey, than other videos. Further, we defing to
be the video quality if the" video stream is assigned to tifebit rate, wherex, > uy 1
and u,; can be directly tied to the subjective or objestiguality metrics. In the
simulations of this paper, we use peak signal tgencatio (PSNR) to approximate the
values ofuy,, because of its simplicity and low complexity [38] for UL CSs and
reasonable degree of correlation with subjectide@iquality [33][34], so that it can also
be translated to subjective metrics, e.g., meamiapi score (MOS), using various
methods when needed [33][40][41]. In line with thediscussions, the overall utility

function for long term uplink bit rate assignmeande expressed as:
\ L Vv
U :Zv:1WV [(Zpluv,l Ebv,l)zzvzlu\,, (35)

whereU, is the long term utility to be generated\yCS.

Egs. (3.4) and (3.5) lead to the following problemmulation:
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P1. A Long Term Bit Rate Assignment Problem
GivenRy, W, by, andu,, find the assignmera, = [a,] for all CSsthat maximizes the

total long term utility Udefined in(3.5). This can be expressed as:
maxU =>" U

v=1_ V!

subject to the constraints (8.4)and

L
> ..a, =1 l1svsv. (3.6)

It implies that each CS will be assigned to agteded bit rate, i.e., at least the
lowest rate has to be assigned to a CS to enseireithmum quality for each UL video
because of the nature of surveillance applicati®he.solution td?1is the assignment
{a,} for all V CSs. It will then be substituted into (3.1) toctaéte the optimal bit rate

assignment for each CS as:
R =a,R, = Z|L=1 év,| (R, _

Further, the video quality assignment, i.e., tligdgted video quality, for each CS can be

noted as:

Uy = 28 3.7)
Thus, the targeted utility of each CS can be eaegsas

U, =w, 0 .
Problem P1 (Egs. (3.4) and (3.5)) is the clasfiehknapsack problem with additional

constraints described in (3.6), which has the weaise complexity.”.
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3.2.b Real-Time Packet Scheduling Problem

Solution to problem P1 yields an optimal targedgdrage bit rate assignme®it
and an optimal targeted utility, for each CS. In order to achieve the targéfedand
R/, an effective packet scheduler is essential. Tileovstreams are allocated willy
slots in each OFDMA frame. However, bit rate assignt does not bind the CS to any
particular slot of any specific SCH (frequency barikesides, for live video streaming,
each packet has a deadlifi® ) and should be delivered before Dgmax Otherwise,
it will be discarded and resulting in utility degetion. Thus, to achieve th& obtained
from P1, the objectives of real time packet scheduk to assign slots to each CS such
that (a) the real time constraints are met, andh®)average bit rates will be as close to
those assigned bit rates as possible.

For a particular OFDMA frame, CQIs between the @8d the BS vary among
SCHs. This information is representediy, the number of bits that a subcarrier can be
transmitted if th&" SCH is assigned to th&' video stream.

In an OFDMA UL sub-frame, there a@ slots andK SCHs. Thus, each SCH has
Go/K = Gk slots. The task of the BS is to assign SCHs aadhtimber of slots in each
SCH to each of th® video streams. Defin&, is the number of slots in tHd" SCH
allocated to the/" video stream at the current UL sub-frame. Sumrmayizabove
notations, for the™ CS, the number of bits that are allocated at'tf@FDMA frame can

be expressed as:

rv (t) = Z::lsv,k qbv,k(t) [SCO’
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wherescris the number of data subcarriers in each sloo Als thek™ channel,

>SS G (3.8)
Each CS maintains a buffer of video packets readyet transmitted to the BS. For real
time video streaming, each packet has a deadllng.f time stamp. If the packet is not
delivered before the deadline, it becomes expiratiill be discarded. Packets in the
buffer can be divided into two categories: timdical vs. time less-critical. Time critical
packets, with its size denoted hyt), have pressing deadlines and must be transmitted
immediately. Otherwise, utility of the upload videdl be compromised, diminishing the
utility value due to the packets discarded. Ledscal packets have more relaxed
deadlines, and may remain in the buffer for a shanile without causing utility
reduction if resource is insufficient then. Cleartyis desired that

t) =rvdt) = 0, (3.9)

wherer,(t) is the actual number of packets (bits) of Wlevideo that are transmitted at
time t. The quality generated by the uploadgd) can be noted ag, (1) . If the actually
assigned bit rate,(t) < ry(t), then the overall utility value will be reduceg b non-

negative amount,(t) for failing to meet the real time constraint, aiinican be shown as
a, (t) =w, [fu; ) - &),
whereu, is as defined in (3.7).

Now we define the indicator functialfa, b) = 1, if a>b; otherwise J(a, b)=0. Then the

penalty of utility value discussed above may beesged as
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a,(t) (1, (t).r,(t)).
As for less-critical packets, they should be traitteah if there are still slots available

after all critical packets are allocated. Abovecdssions lead to a cost function at time

E(t) =X a, (1) (k. (1).r,(t)) . (3.10)
More specifically, the reduced utility is the diféece between the targeted utility and the
generated utility. The packet scheduler has to niad&eutility uploaded by each CS be as
close toU, as possible so that the utility reduced can bemiirgd.
Now we are ready to present the problem formulation
P2. A Real Time OFDMA Slot Assignment Problem
Find § kfor each(v, K such that B) in (3.10)is minimized, which is formulated as

min E(t) ,

subject to constraint&3.8)and (3.9).

In our work, after P1 is solved, any procedureliadpto P2 is to reach the
targetedU, found in P1 and will not change the determinedsBliition; therefore, the
optimization of P2 is regarded as a finer searafhetdiled parameters.

In a mobile network, it is difficult to allow ULsers to upload all their packet
information to the BS due to the fact that the uese for feedback is limited. Thus, a BS
actually cannot have all the information from C8s WL scheduling [7][9]. Because of
this, the feedback information used in our solution P2 along with its practical

availability in a BS is considered as follows. BO2.16 and LTE, the number of critical
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Table 3.1: List of Notations

Notation Description
\ Index of a UL video/camera station (CS)
I Index of encoding rate mode in a video
L Total encoding rate modes in each video
R Target bit rate (Kbps) fdf” mode o™ video
R, target bit rate (Kbps) assignedibCS
Uy, video quality wherR, is adopted
M, incremental unit utility fron{l-1)" toI"™ mode
G, Avg. number of slots needed to W" video
Gy Total available slots for UL in an OFDMA frame
by Channel quality (CQI) of" CS
ry(t) Bits allowed to be uploaded b} CS at time
S(t) number of slots assigned 8 CSs at time
R/ min Minimum reserved rate for real-time video
Dy max Tolerable delay for real-time video packet
(1) HOL delay iV CS at timet

packets and the total number of packets in theebfueue length) can be reported by
CSs to the BS via the information of bandwidth esjuand buffer status through the
control channel [24]-[26]. Further, head of line@H) delayz,(t), i.e., the waiting time of
the first packet of the™ video in the transmit buffer, is used to deternifna CS has
critical packets. The,(t) must be lower than the highest allowable d@&ap.xto prevent
packets from being dropped. It can also be fed bathe BS via control channel [4][25].
The notations used are summarized in Table 3.flefuters' convenience.

In this chapter, a cross layer algorithm, callesudl Quality Driven {YQD)
Scheduling, is proposed to solk& andP2. As shown in Figure 3.2, this systematic
method intelligently considers the interaction betw the APP and MAC/PHY layers to
search the optimal solutions 8. andP2 Further discussions fMQD are detailed in

the following Sections 3.3 and 3.4.
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Figure 3.2: VQD System: In BS, the VQD module is for optimadl Utility

3.3 Long-Term Video Encoding Rate Adaptation and Resurce

Allocation
3.3.a Long-Term Uplink Bit Rate Assignment
To solve the problem d?1, we first define per-slot utility gaig, =w,uy /Gy,

and rewrite (5) as follows:

U=30.2 06 B, (3.11)

whereg,, is the unit utility gain when video streanms assigned with bit ratd #Denote
Unmaxto be the maximum utility that can be achievehwdg or fewer slots. Clearly, the
per unit utility gainUna{Go will also be the largest. This observation leadghe first two
steps of the bit rate assignment heuristic algaritho obtain the optimal utility gain, we
introduce the notion of incremental utility. Fovideo stream, the change of utility value

due to change of bit rate levels fronl tol is noted a®U, | = w,(Uy — Uy,.1), and the
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change of slot demand &, = G, — Gy ... Thus, one can define the incremental unit
utility gain as

WV(qul_uV’l_l):JUV’l; 1<l<L ,
Gv,l - Gv,l—l JGVJ (312)

,7v,l =

whereu, o andG, o are both defined as zero. Then the algorithm mdeevith bit rate
assignment as follows.
Step 1. Compute and then sorg{,; Isv<V,1<| <L }to yield a mapping of index(I)
to an ordered list { (f), I (f)); 1< f < F} such that
Mo 23103 2 2 Moty e):
wheref is the rank index for ordered list aReV xL.
Step 2. SetG,(0) = 0.
Forf=1 toF,
ComputeGy(f) = Gu(f-1) +Gvp.r(n
If Gy(f) < Go,
setayv ., = 1 andavq, 1= 0, ifI' (f)-1> 0
ElseG,(f) = Gy(f-1)
J=1f-1, then break the for loop
End for loop

Step 3.

Forf = J+1 toF,
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13U, ) >0
(i) reset &y, rn= 0 ,Gy(f)=0 ; 1< f< J}
(if) sedy ) () = 1
(iii) Reddstepsl and 2 for the rest(1) with Gu(0) = Gy (+),1(+)
End for loop
If Gy(J) <Gy, performSteps 4 and 5. Otherwise, exit.
With the Steps 1 and2 in this greedy heuristic, each video stream isgagsl with the
most efficient transmission bit rate in terms ofityt value per slot, starting from the
most efficient video stream. Note that not all wid#greams may be assigned with a bit
rate. Step 3 guarantees the algorithm performance by preverdimg extremely high
utility video, but with lower per slot usage, frdming discarded.

On the other hand, it is possible t&a{J) < Go. In this situation, even each video
stream is assigned a bit rate that has maximumutifity gain, there might be still slots
left. Hence, it is possible to transmit some vidabsven higher bit rates to maximize the
overall utility. To do this, one may apply selectiprocedures aSteps 3 and4 to select
the video streams to transmit at higher rates. Mpeeifically,

Step 4. Find each CS's mode Hy(v)= arg maxf,,1; 1< 1< L } and then sort§Uy, 1+ ;
1<v<V o yield a mapping of index to an ordered list{ (q); 1 < g < V} with rank

indexq so that

- X LSS oY,
N, &, &, 6
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Next, for all non-selected higher modes #4+1), where k1" (v)+1<L,
sort {0Uy, x)+1; 1< v<V }to yield a mapping of index to an ordered list 7 (q");

1<qg" <V} such that

Ny r ey Moo, pep 2 M) pwrr
Step 5.
Forg" =1toV,
Forg=1toV,
ComputedG = dGv(q, i+ (vi@)+1 ~OCvx(q), I+ (v*(q))
If QU (q1), i-(+1> OUvx(q), 1+ (v(e)) && Gu(J)+3G < G,
setay (), (vi(g)+1 = 1 anday gy, #(v@) = 0
av(q), I (v(q) = 0 @andav«(q), @)1= 1.
Gu(J) = Gy(JI)+3G
Then redo Step 4 and 5.
End if
End for
End for loop

3.3.b Analysis for VQD Algorithm to Solve P1
We now provide an analysis ®QD algorithm proposed for long-term bit rate

assignment. As described in Section 3.2.a,Rhés closely related to the 0-1 knapsack



34

problem and is NP-hard. In general, the methodptinoze unit resource usage, known
as the greedy heuristic method, can potentiallyultes poor performance for 0-1
knapsack problem. Thus, we first show that our psep algorithm can at least guarantee
1/2-approximation in this type of problem.

Theorem 1 For long-term resource allocation, the VQD can eadt achieve the 1/2—
approximation of optimal performance for a 0-1 Keapk problem.

Proof: Please refer to Appendix Al.

Theorem 1 gives a loose lower bound for\ggD algorithm in this 0-1 knapsack
problem. In thevQD, we assign bit rate accordingd®, which is the slot demand when
bit rate is increased front-1)" to I"™. By keeping thi®G small (as in comparison with
Go) and iteratively allocating this small portionresource to CSs while deciding their bit
rates, the performance @D can be further enhanced. More specifically, define

£ = m:flx(JGvyl/Go) :

wheree denotes the maximum ratio of slots demand for higiteate over total slots for
uplink. Then a stronger performance bound YH@D can provide within a factor ¢iL-)
of the optimal solution is stated in Theorem 2.

Theorem 2 For all f, if 3G”<¢ - Gy, the VQD algorithm guarantees a solution that is

at least (1e) of the optimal value . That is, OF¥ > (1-¢) - OPT

Proof. Please refer to Appendix A2.
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3.3.c Complexity of VQD Algorithm to Solve P1
The complexity of usinyQD algorithm to solvéP1is assessed as follows: First,
O(VL) is needed to find out ajl,;,. Steps 1 and 2 tak®(VLIbgVL) operations for sorted
schedulingStep 3 may haveO(VL) as the highest amount of operations. After ttages,
the worst case fdBteps 4 and 5 i©(VIbgV) andO(V?) respectively. Since in geners,
>> L, the overall complexity is MAXQ(VL), O(VLIbgVL), O(VL), O(VIbgV), O(V?)} =
O(V?). Considering thaP1 needs to be solved only once every few seconds, it

reasonable to assume tN&)D can solveP1in real time.

3.4 Real-Time Scheduling and Resource Allocation

3.4.a Frame-by-Frame Packet Scheduling Algorithm

Once long term bit rate assignment problem isexhleach CS will upload video
stream according to the assigned bit rate. Howeltgz,to frame-by-frame variations of
CQl, it is necessary to solve the real time OFDM#ét sissignment problerR2. As
discussed earlieR2 involves three tasks: (a) decide the schedulimgripy for each CS;
(b) allocate time critical packets to meet realgioonstraints; and (c) allocate less-critical
packets to meet the target bit rate for each video.

For task (a), a utility-based priority function psoposed in this work to assign
scheduling priority for each CS in an OFDMA franidis priority function is based on
the unit utility gain, average throughput of indival CSs, and the queuing delay.

Specifically, the priority function defined is
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Uv, nom 1 1
S,k Fv C™ if F*(t) 21 andb, (t) # 0

Jif ™ (t) <1 andb,, (t) # 0
0 , otherwise, (3.13)

=

@) =

where
Uv,norm = Z:;l(wvmv I) Da\/ I/U

F, (1) = RO F,") (3.14)

R0 = (Dymac =1, 0)/ Ts. (3.15)

F\/rat&(t) = r_v(t _l)/Rv,min . (316)

Note thatg” is the priority of the/" CS on SCHk; Uy nomis thev" utility normalized by
U in (3.5);s,,= [ R/Cyxl is the estimated slots consumption when CQijs F,% is
the delay factor [3] witlDy maxandz,(t); and /5 is the guard time and usually is the same
as the scheduling period. Whetf®®<1, it implies that the queue in th® CS has the
critical packet and should be served at tim&hus, theg® is assigned with the highest
priority. This mechanism is critical for reducinggket loss and maintaining satisfactory
utility.

F/*© is the ratio of the average upload bit rate to shi@imum throughput

required to maintain utility. The average bit raf¢heV™" video is evaluated by

n(t)=-p)E (-0 +pm,), (3.17)
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wherep is set as 1/50 for real-time application [21][22fhen F,"**<1, @* should be
increased to make up the deficien€f*is the highest MCS in Table 2.1 and is used to
normalize theg value within (0, 1).

The steps for frame-by-frame scheduling are devil

1. Foreach CS, assesg { for all the K SCHs by (3.13):
@, ={k, k... k 1@ 2.2 ¢%}; V=1V (3.18)

wheregp, x will be deleted from thé, if there is no more slots available for uploadha
K" SCH.

2.Set the priorityP, as
P=max{® };, v=12.V . (3.19)

3.The CS with the maximun®, will be scheduled first and allocated to the aldéda

SCHK*" where

sch

W, k> =arg maxf (3.20)

The instant CQI assigned ¥ at framet can be shown as
bvsch (t) = bvsch‘ Kk sch(t)

This assigned CQI can be mapped to the correspgMCSm, as shown in Table 2.1,
and the MCS adopted by G&"is thus obtained. The average CQI is then updated b

(3.2).
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In our system, we iteratively schedule the CS atecs the allocated SCH along with the
corresponding MCS using Steps 1, 2, and 3 aboveviery OFDMA frame until no more
slots are available or all payloads have been atbat

Intuitively, to obtain the optimal utility, the GSwith higher unit utility gain
should have higher priority to be scheduled. Howeseheduling decisions relying on
utility gain only are insufficient to support retihe video service due to its strict delay
and throughput constraints as well as instantaneadstions in compressed videos.
Hence, theF, factor is included in the proposed function (3,18here once critical
packets exist in a CS, the priority of this CS assed to the highest value for timely
transmission.

However, such an arrangement may lead to a drijastion: For CSs with no
critical packets, will the policy articulated by.{3) favor CSs with high utility or good
instant CQI and become highly unfair?

To answer this question, we offer the followingalsis. Without loss of
generality, let us assume the best SCH is usedatitF,**®>1 andb, >0 are held for
each CS. We also denate= R/C, for brevity of notations. From Egs. (3.13), (3.,1&)d

(3.16), one has

_Uu
%(t) V.Svnorm FV%'Late de:lélay Cn:’ll-aX

_ Uv, norm Rv,min 1 1
5 (-1 Foemy Cmax-
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The average bit raig(t-1) in (3,16) can d&éved a<C,”? - ™, whereC,*"® andS,*"

are average slot capacity and average slot assigesmkctively. Then the priority

function above becomes
%(t) — Uv, norm Rv,min 1 1

R//(:v C\?vgslavg deelay Qnax

R
= U\é;/Zrm g}(/g VR/mm E/rilélay O:Ir;ax (321)

In (3.21), theC,/C,* indicates that the BS tends to schedule a CS \vitisen
instantaneous CQI is high enough relative to it @verage CQI over a specific time
scale. In short, a CS is allowed to upload datarwitee CQI is near its own peak. This
concept is consistent with thgroportional fair or opportunistic schedulingn [8] and
thus (3.21) shows that fairness is in fact alreaypedded in the proposed algorithm of
(3.13). In addition, the spectrum usage efficierscglso sustained by using (3.13) since
multiuser diversity can still be benefitted by usproportional fair scheduling, as shown
in [8].

The complexity for scheduling ByQD priority function in (3.13) is assessed as
follows: In (3.18), for each CS, the priority i8.13) needs to be evaluated for Illl
channels and thesk results in turn need to be sorted. Thus (3.18) @&gK) +
O(VKIibgVK) operations. In regard to (3.19) and (3.20), bretjuireO(V) operations. So
the complexity for scheduling is MAX3(VK), O(VKiIbgVK), O(V)}= O(VKIbgVK),
which is polynomial time. It is hence justifiable apply the proposed algorithm to real-

time application.
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3.4.b Real-Time Slots Assignment
When a CS is scheduled based on its priorityntiaber of slots allocated to this
CS also needs to be decided. The allocated bartuwidst satisfy the;(t) constraint in
(3.9) to minimize the cost functioB(t) defined in (3.10). Besides, for live video, the
required rateR, min must be guaranteed while assigning the UL rate. ¢f) and less-
critical bits in case the videos become uselesdauresufficient bandwidth [31].
Thus, [5][6][11] proposed that the average assidnerhate at time, as shown in (3.17),

should fulfill the condition

Ir_\/(t) 2 I%/,min ) 322)

In [5][6], the amount of bits to be uploaded bygle&S is evaluated every
OFDMA frame. When the average rate before frame., L1 is smaller thamR, min,
the bits to be uploaded should be increased andeab® satisfy th&, y,in. Otherwise, no

resource is needed. It can be expressed as

A= {mv,m M) TR -1, I E-D<R,,
0, otherwise ’ (3.23)
whereA,(t) is the rate required to assuRemin, andt; =1/p.
However, the instantaneous channel condition ofohile client is time-varying
and a CS may temporarily suffer from unexpectewssrchannel fading. In case of slow

stations, with high scheduling priority, transmitot many packets through the poor

quality channels in order to meet tRemin requirements, they will definitely consume
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even more resource than fast stations do due to Qb and the low-efficiency MCS.
Under this circumstance, the resource usage eftigies decreased and other CSs will
suffer from resource shortage because of the sloaiestion caused by slow stations.
Thus, the performance of each UL CS and the systeoughput are all negatively
affected or sacrificed. To overcome this issue, prvepose the resource allocation
algorithm, shown in Figure 3.3, by modifying (3.2%) follows.

Two situations are considered in our method: (ew the instantaneous uplink

CQI b(t) measured by the BS [24] is lower than the ayer@QIb,*"°, or (i) theb,(t) >

b2 put VD > R, min then theG,, derived from (3.3), is imposed as the upper bound
for the amount of slots to be assigned to each ¢(say™) CS in each frame. Otherwise,

if the by(t) is higher than the average, the number of hltswed for thev" CS's
transmission should be assured to satisfyRh&n. The procedure above can be shown
by (C1) listed in Figure 3.3.

By imposing theG, in situation (i), the system can prevent the solesti CSs
with deep channel fading from severe exhaustionth® available slots during
transmission [9]. For (ii), even though the averagéoaded rate already satisfies the
R, min the bandwidthG, can still be allocated to scheduled CSs in vievitohbility to

efficiently decrease the amount of buffered dathtae critical packets.
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1: Evaluate for each schedulélil @S
2: ifb, = bi
: (Rymin =R (=)0, +1, (t=1), ifr,t-D<R ,
3: - : :
A0 {Gv (1) Cscr, (DR, D
4: else
5: A(t) =G, - by(t) - scr
6: end if
7: Compare\(t) andr,(t), choose the max. as the bits assigned:
8: ry(t) = max@u(t), ruJt), and thuss,(t) =[ ry(t) / (scrby(t)) |

Figure 3.3: Pseudo code f@roposed resource allocation method.

After A(t) is found, we should assure constraint in (&Quaranteed. Thus, the
ry(t) is determined by
r.(0) =max@, t)r, ) (3.24)
and the number of slots assigned at tir{®&(t)) is
St) =[r,t)/(scrxh,(V)] (3.25)
If the available slots on SCK™in (3.20) is not enough, the second best SCHi®IAS

v*Mis selected and the remaining bits are allocagdrhe details for real-time slot

assignment are summarized in Figure 3.3.
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3.5 Simulation and Performance Comparison

3.5.a Utility-Driven Greedy Algorithm

The performance of the propos®@D algorithm is evaluated through extensive
simulations using realistic wireless channel mad8fgecifically, for bit rate assignment
in P1, VQD will be compared to a baseline Utility-Driven Gadgealgorithm over various
scenarios [16]-[18].

The baseline Greedy algorithm is initialized byigisisig equal amount of resource
G, to each UL CS. The utility, and rateR, of each CS are thus obtained basedspn
and its average CQI, as shown in (3.4).Then thed@ralgorithm iteratively takes away
a small amount of assigned sla@t& from the CS identified to be least sensitive te th
utility decrease due to this slots reduction, dmehtcontinuously assigns th$s to the
other CS that can generate the highest utility tiemetil no improvement is obtainable.

Let AU, denote the change of utility for thd CS due to a change of siv6.
This algorithm can be expressed as an iterativarmaation of the incremental utility by
addingAG of CSn* and decreasingG from CSn’, such that:

n* =argmaxQu, |G, - G,+AG),
n"=argmin@U,|G, - G,-AG).

After the rateR, is assigned, two well-known schedulers, M-LWDF &xP [10]-
[12], along with the slot assignment strategy in283, are incorporated with Ultility

Greedy to facilitate live video packet scheduling®?. M-LWDF and EXP are adopted
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because of their great QoS performances for red-flows in cellular systems [10][30],
where the former performs well for systems with éowloads, and the latter is

recommended for those with higher loads [30].

3.5.b  Simulation Configuration and Channel Model
In this paper, the simulations are performed $yriaccording to [20][27]. The
simulated WCN includes one UL BS in the centeraif, @and the connected UL CSs are
all mobile and uniformly distributed within the teTo simulate each mobile CS's CQI,
the channel propagation loss is estimated basedeo@OST 231 sub-urban model, and
the small scale fading effect is measured emplothedTU Veh-A multipath model [27]
corresponding to 30 Km/hour. The simulation (I) gHyl below are set to work on a 5
MHz and 10 MHz bandwidth with a 5ms OFDMA frame J[2@spectively, and both
adopt the band-AMC permutation [20] for sub-charpagion. Table 3.2 summarizes the
system parameters used in the simulation, and @n@meters of OFDMA band-AMC

mode are shown in Table 3.3.
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Table 3.2: System Parameters

Parameters Value
Operating frequency 2.5 GHz
Duplex TDD
Channel bandwidth 10 MHz
Cell radius 1.4 km
BS Height 32m

MS Height 1.5m

BS Antenna Gain 15 dbi
MS Antenna Gain -1 dbi
Antenna Pattern 70 (-3 dB) with 20 dB front-to-back ratio
MS Noise Figure 7 dB

Table 3.3: Band-AMC OFDMA Parameters

Parameters Value
Permutation mode Band-AMC
FFT size 1024
Sub-carrier frequency spacing X 10.94 kHz
Useful Symbol Time (J= 1/f) 91.41s
Guard time ([ =T, /8) 11.4us
OFDMA Symbol Duration (J= T, + Tg) 102.9us
Frame duration ;) 5ms
Number of OFDMA Symbols 48
Band-AMC Mode
Null sub-carriers 160
Pilot sub-carriers 96
Data sub-carriers 768
Number of Sub-carrier per slot 48

3.5.c Simulation (I): Packet Scheduler Perforoean
In the first simulation, we only compare the pemiance of different packet
schedulers, includingQD, and the M-LWDF and EXP in Sec. 3.5-(A). We asstina
6 CSs are uniformly scattered in a WCN, which &-8MHz OFDMA system. Each CS

has a constant bit rate (CBR) video with 1 Mbpsthalit loss of generality, we use the



Table 3.4:The average Throughput (Kbps).

G():lg(c_ G():l?E GO=154

VQD 6124.9¢ 6119.01 6043.3!
M-LWDF | 5968.9( 5928.7! 5847.1:
EXF 5965.3( 5930.9: 5850.8t

Table 3.5:The average packet loss (%).

Go=198 (30:176 GO=154
VQD 0.c 0.34 1.57
M-LWDF | 2.5¢ 3.3i 4.7
EXF 2.6¢€ 3.31 4.68
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normalized utility, i.e.,u,; =1, since only one rate mode is used. To ensuletinea
streaming, théd, nax = 50 ms for each packet [9][37]. Besides, thremuece scenarios
(176, 154, and 198 slots for UL) are used for campa. In the first scenario, 176 slots
can be considered as 50% of total slots in a SMHPDRA frame and is abundant for all
6 CBR videos being uploaded if the resource iscieffitly assigned. The other two
scenarios, with lower and higher resource budgeésalso tested for more comparisons.
The experimental results are summarized in TaldleBd 3.3. It is evident that by jointly
considering the factors in (3.14), the concept ppartunistic scheduling, and the slot
assignment method in Figure 3.3, M®D packet scheduler can not only effectively
enhance the throughput but also greatly decreasesystem packet loss, even the

available slot budget is tight.
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Quality-Rate Model

46

@
zZ
n
o
A
3>
N—r
>
=
©
&
: | | : —+— bridge
32— T s | —° ~football |- -1
| | | | = ©— container
30 1 1 1 1 1
400 600 800 1000 1200 1400

Bit Rate (Kbps)

Figure 3.4: Quality () — Rate models for the 5 videos used in simulafidre 'b" denotes the quality of
eachRy,. [29][35]

3.5.d Simulation (Il): Systematic Method Perfonoa

In this simulation, a WCN with 20 uniformly disttited UL mobile CSs is
considered. Each CS is assigned to a weight integeithin the range from 1 to 3, and
provided a live video which is encoded by H.264/AM@h L = 4 allowable target bit
rate modes, i.eRo=[R,]=[500, 700, 1000, 1200] Kbps. The PSNR, an objectjuality
measurement, is adopted to assess the video q@alijyat different bit rates in our
simulation. Figure 3.4 shows the quality-rate fumes for 5 different videos encoded
with the H.264 AVC codec at CIF resolution andanfe rate of 30 frames/sec [29][35].
Each CS is randomly assigned to one of the comgdegsleo streams (with different
quality-rate model) to be uploaded to the BS, then video quality and utility to be
uploaded to the BS can kealuated by these models based on the targettbijtas the works

in [16]-[18][33]. Again, to ensure real time videstbeaming, th®, n.x = 50 ms is used.
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Figure 3.5: Comparisons of different Methods, WQD, 2: Utility Greedy with M- LWDF, 3: Utility
Greedy with EXP: (a) avg. utility: Optimum vs Tatgs Generated in 30 secs, and (b) Avg. throughiputs
30 secs.
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Figure 3.6: (a) System enhanced utility every 3 secs. (b)aBohld utility in 30 secs by method ¥YQD, 2:
Utility Greedy with M-LWDF, 3: Utility Greedy witfEXP.

Four UL systematic algorithms are compared: 1)pgteposedvQD method, 2)
the Utility-driven Greedy method incorporated WWRLWDF, and 3) the Utility-driven

Greedy method with EXP scheduler, and 4) the glplgdtimal utility by Exhaustive
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search. Each method needs to sélt¢o decide thdr, and target utility for each CS, and
then real time schedulers adopted in 1), 2) anda¥e to solveP2 to find the utility
actually being generated. As for 4), we assumeahgetR, and utility can be perfectly
reached to the optimum and thus no scheduler dete® solvd?2. The utility produced
by each CS is updated every 3 seconds. The tatisl gér frame reserved for UL video
(Go) is 495.

The overall system performance are summarizedga.d.5 ~ 3.7. Figure 3.5(a)
shows the average utility comparisons in 30 sedsbath the target and generated utility
by VQD being much closer to the optimum by 4) than tHmnséhe other methods. Figure
3.5(b) indicates that the throughput ¥Y®D is clearly higher than those by 2) and 3),
suggesting the much improved spectrum usage eftigibyVQD.

Furthermore, for each method, tBg in the simulation is in fact allowing all CSs
to upload videos by using a basic bit rate of 50fp«Kto generate the basic utility.
Therefore, the real meaningful aspect here is tapawe the enhanced utility, i.e., the
increased utility obtained by each method abovebtmsac utility portion. Figure 3.6(a)
shows that the enhanced utility produced \BW®D is consistently far better at each
moment, and Fig. 3.6(b) exhibits the enhancedtytdy VQD is some 80% higher on
average than those obtained by other methods.

Figure 3.7 shows system loss rate by propog@d packet scheduler and Utility
Greedy with different schedulers. Th¥QD packet scheduler maintains better

performance because it assigns the highest priaritiye CS with time critical packets,
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Figure 3.7: (a) System packet loss every 3 secs. (b) Paokstih 30 secs by 1VQD, 2: Utility Greedy
with M-LWDF, 3: Utility Greedy with EXP.

consequently providing better QoS than the ottesdyas been covered in [4]. According
to [30], the M-LWDF provides better QoS to systemith lower loads, and the EXP is

recommended for those with higher loads. Sincelttity Greedy assigns the bit rate
based on the available slots and the capacity of €5, the UL traffic is basically

appropriately allocated and thus the results fathoe 2 and 3 are similar.

In addition, the utility Greedy method needs tarskedhe most appropriate CS pairs to
exchange the assigned resource for the optimélufilhis task becomes more
complicated due to the fluctuating or changing clehigualities of mobile CSs. Since the
best CS pairs and the slots exchanged may no@bedly to obtain, it thus takes longer
execution time to find the optimum, as can be seéig.3.6.VQD simply assigns
resource according to the, in (3.12), and then enhances the results by apgp8teps 3
to 5in Sec. 3.3.(a) when needed. Using this singiecedure, th&’QD can quickly find

the near-optimal solution and can be easily implgegtin the wireless UL scenario.
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Figure 3.8: (a) Utility and (b) Packet loss every 3 secs. Av@ith highest weight is randomly selected.
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Figure 3.9: (a) Utility and (b) Packet loss every 3 secs. Aviith lowest weight is randomly selected.

Figures 3.8 and 3.9 show the performances of ttieog randomly selected from the highest
and the lowest weighted CSs respectively. Compartdthe other methods, théQD provides
higher and more stable utility and lower packesléar all videos. Figures 3.8(b) and 3.9(b)

implies that th&/QD scheduler further guarantees the low loss of itapo videos.
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Chapter 4 —Resource Allocation for Integrated Real-Time

Scalable Video System over OFDMA Mobile Network

4.1 Overview for Integrated Real-Time Video System

Thanks to the success of wireless broadband atedssologies, the mobile real-
time video uplink application, which integrates egss camera or ad-hoc wireless video
sensor networks with mobile/portable devices, iwamays feasible[1][2]. With such a
system, video cameras/sensors are mounted on nu®viees, such as mobile phones or
vehicles, to capture videos of particular targetbve events and immediately upload the
captured videos via wireless channels to a cern@i@dlrepository or social web platforms
having capability to deliver live videos, such asuYube [73], Twitter, Facebook, etc,
for real-time sharing, distributing, and recording.

In our proposed framework, the uploaded videoshateonly real-time collected,
but also their distributions considered. The livieleo streams, once available, are
announced or pushed to the users subscribing tehbenels on web platforms. The
users linking to the channels to receive the vidams seen as mobile station (MS)
subscribers. Multicasting or broadcasting is adbpteexpedite the downlink live video
delivery to all the MSs to ensure efficient useaxfio resource. A conceptual diagram of
this proposed framework is shown in Fig. 4.1.

The key innovation of this proposed frameworkhis tise of perceived quality of

DL subscriber to decide how the UL radio resoutoeutd be assigned. This end-to-end
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optimized approach ensures the most efficient atlon of limited radio resources while
strives to achieve the desired performance. Intaagliwith increasing demands for high
data rate video service in wireless networks, #@gerencoded technology, such as
scalable video coding (SVC) [49]-[52], which prosgl spatial, temporal, and quality
scalability for video streaming services and ackseflexible data rate adaptation for real-
time video delivery, is adopted as the APP layédutsan. Moreover, the structure for UL
SVC camera is clearly defined. The UL bitstream$a$e and enhancement layers in
CSs are classified into different queuing buffevhjch can be identified by the BS, and
one connection session will be initially created éach layer [68]. The BS can thus
correctly estimate the utility for each UL layerdamore efficiently assign the limited UL
resource. Compared with the traditional non-layereo, the SVC can quickly adapts
its UL rate with nearly no delay by determining thember of UL layers. Thus, it
obviously has faster reaction to variable chanreld@ions and is certainly a better
choice for the real time video system.

In a realistic wireless environment, the radiocspen is limited and the channel
conditions of UL CSs or DL MSs vary frequently otiene and space. For efficient video
delivery in a WCN, the number of video layers assijto each UL CS should be
determined according to the available radio resmaed corresponding utility, i.e., the
DL users' perceived video quality in this work. Mover, the real-time scheduling and
MCS selections for all the occupied SCHs at thesB&uld be carefully chosen for both

UL and DL. Based on these settings, a joint UL/Bdsaurce allocation problem is
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formulated and solved in this chapter. Specificathye objective is to maximize the
satisfaction of subscribing MSs by effectively sttléng and allocating resource to the
UL videos from all CSs. Toward this goal, a visgaklity driven resource allocation
method, incorporating the DL multicast algorithis proposed to quickly and effectively
obtain the best target utility and determine thenber of video layers to be uploaded for
all UL CSs. Further, in order to guarantee thedtrgility can be reached, a utility-based
priority function is designed for real-time paclkstheduling. The complexity analysis
results indicate that the solution can be achiewgublynomial time.

Further, to maximize the distributing efficienctbe DL videos to all MSs and
concurrently optimize their satisfaction, a prewlyuproposed opportunistic layered
multicasting (OLM) scheduling algorithm [13] is diggl. In our integrated system, the
OLM is further adopted to (i) estimate the numbEeDba MSs to receive a certain video
layer in real-time so that this layer's utility che found immediately, and (ii) select the
UL CSs to transmit more layers in order to optintize system's total utility.

The rest of this chapter is organized as folloveti®n 4.2 will first introduce our
previously published OLM multicast scheduling algon, which has been adopted as
the solution of DL side in our proposed integrdtednework. The resource management
problem of integrated system and the proposed 4ayes solutions are detailed in

Section 4.3 and 4.4. The simulation results andudisions will be covered in Section 4.5.
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Figure 4.1: The integrated Real-Time video system over OFDM&dal mobile networks: Unicast for UL
and multicast for DL

4.2 Opportunistic Layered Multicasting (OLM) over 4G Network

As introduced in Sec. 1.1 and 4.1, our integratgstem adopts SVC video to
facilitate more flexible data rate adaptation ampgli@s the previously proposed OLM
algorithm [13] to distribute the videos to MSs. Bles, the OLM is further adopted to (i)
estimate the number of DL MSs that can receive réaicevideo layer whenever the
system obtains the MS's CQI feedback so that thigeris utility can be found
immediately, and (ii) select the UL CSs to transmdre layers in order to optimize the
system's total utility. We thus provide a briefrattuction for OLM algorithm in this

section.
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4.2.a Downlink Resource Management Problem
After each DL BS receives the videos, it has tmadiately multicast these live

videos to all concerned MSs. However, conventiomalticast schedulers intend to serve
all the subscribers in each transmission instarycehbosing the MCS that has a lower
SNR requirement to meet the channel condition efyWS. This results in conservative
MCS adoption at the multicast schedulers, and tedfopnance such as system
throughput of real-time video multicasting will beunded by the worst fading channel
condition among all the MSs at each transmissistairce.

By incorporating multiuser diversity into DL mudést scheduling, OLM
algorithm [13] chooses MCS more aggressively,t.may choose higher MCS, at the BS
and allows the DL system to ride the peaks of tifg&ssMading channel fluctuation. To
achieve higher efficiency of selecting MCS, the Oldvalso facilitated by block erasure
forward error correction (FEC) code [13] [64], swahfountain codes. Thus, the MSs can
recover the original video contents as long as thaye received enough encoded
OFDMA frames.

Furthermore, since the scalable video, consistihg mandatory (base) layer
and optional (enhancement) layers, is adopted @ ititegrated system, the OLM
scheduler needs to select the number of receiversthe subset of targeted MSs, for
each video layer. Once the subset of targeted BlIfistermined, the best MCS and FEC
parameters to transmit each video layer can alsdeb&led, and the possible utility for

each layer can thus be estimated. As a result, tiféeenumber of scalable video layers
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has been determined and the layers uplinked, thd &dheduler can efficiently multicast
the video streams to MSs based on their CQI feddbaod hence provide adequate
video playback resolution matching MSs' channelityud he following subsections will
further explain our strategies.

4.2.a.() Notations and Formulation of Resource @sumption

Before describing our strategies, several notatioeed to be defined. Assuming
there areV DL layered video streams to be multicast in a $jge@/CN, and the total
slots for MBS in an OFDMA frame is limited tGp,. Further, the number of MSs
subscribing to the™ video is noted adl, and the number of MSs that receive e
video with up tol™ layer delivered is noted &%, wherev=1, ... ,Vandl =1, ... |L.
Clearly, 0< Ny, <N,.

Now we can formulate resource consumption undgrodpnistic multicasting
scheduling. For eac” video stream, suppose the original data rateeltideo layer,
noted as\( |), is dR,,. Because of using application level FEC, the aagvideo stream
(v, I) is expanded from video source data &g, to D, .at code rate (to be addressed
later). In a SVC system with CBR for individual &g, the average number of slots

tth

consumed at thet” OFDMA frame for ¢, 1) can be evaluated as

t v,
S = ‘t

where theC(m) is the slot capacity when MQG8is decided, as shown in Table 2.1.
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The average throughput successfully decoded fariusesubject to the channel quality

dependent indicator function and expressed as:

_ t

Tizltm%z“m' b') B D, (4.2)
BT

where I(m’, ) is an indicator function that equals 1 if usecan correctly decode

transmitted data and O otherwise, given current §Qind the selected MCBY .

From (4.2), we definé_gi as average OFDMA frame receiving rate

Q =lim 3 1(m', 1), W
i=

representing the percentage of frames useeceiving given the MCS set. If the

application layer FEC, such as Reed-Solomon codBaptor codes, is applied, the ideal

code rate to serve all subscrib&kg is the minimumQ, among them, L.eming Q.

This derived amount of FEC can support data rateiat,, Tito be correctly decoded
with high probability [64].

Thus, in order to deliver a video layer, the systequires to spend resource at
least maintainingnin,, Q [dD, = &R, to serve a user sbk,. The average number of

slots (amount of resource) in a frame consumedisylayer for an admitted user set can

be further formulated by substituf®, | in (4.1) by using the aforementioned criterion :

< _ t 5R\/I
Sui = S(N,) = lim = ]Zl{c(m)mn 5} (4.4)
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4.2 .a.(ii) Optimization on Mandatory Video Base Lagr

The base layer of a video contains the most sggmit information of that video.
Therefore, each MS should receive this layer in Olokbasic service assurance. Based
on this guideline, all MSs of thé" video should be included in the subset of targ&sM
noted as Ny, |=1}. This guideline may result in low MCS adoptededto the MS
possibly having the worst channel condition. Nedwelgss, to optimize the total utility,
we should try to decrease the resource consumédd®y layer so that more enhancement
layers can be transmitted.

As a result, in the first optimization problemetbbjective is to efficiently (i.e.,
using least amount resource units) multicast tree Bayer I=1) with basic perceptual
quality, to all subscribers. Note that, in thiesarioN,1 = N,. The amount of resource
consumed in (4.4) can be minimized when we maxintize minimum effective

throughput across all users by dynamically adagi@$ of allocated slots

m= argminS(N )
) B (4.5)
=arg rrrlna>{C Mm )]iDr’E]inQ}

subject to Y. S.1<Gp
\Y

Only the base layers associated with all the \Bd#m@nnels are considered in case
when the required number of slots are more thal pveallocated number of slots U for

the video multicasting service. In this case, tsuee all base layers are allocated,
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subscribers with worst channel quality can be dedpfsomN, to allow the choices of
more efficient MCS indices so that the total reseusudget can be withi@p, slots.
4.2.a.(iii) Optimization on Optional Video Enhanement Layers

The enhancement layers of a video contain optioriatmation of that video, so
their priorities of resource allocation are lowean that of the base layer.
After the optimization is carried out for multiceg of base layers, the remaining
resources are used to allocate optional video e@maent layers, from which only a
subset of users are scheduled to receive, sulgettet maximization of a system-wide
transmission gain constrained by available resaur€he transmission gain used in our
formulation is represented by utility functiondy,,, corresponding to subjective video
quality gain of user experiences when tfleenhancement layer of thé" video is
successfully received and decoded subject to ldgpendency, i.e., a scheduled user is
allowed to subscribe tH& video layer only if all the lower layers are aldbscribed. In
consequences, the optimization problem jointly aers scheduling (i.e., determine
video layers to transmit to a subset of schedubksts) and the resource allocation (i.e.,

adapting MCS) can thus be formulated as

maxz\\j:lz:;lduv,l N, (4.6)

subject to > S,1<Gp,
\"
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where0< N,,;< N,. We maximize the total utility gained by all schesti users given the
resource constraint and inherited nature of laggeddency.

Equation (4.6) requires that a good scheduling icatel should provide maximum utility
gain per unit of resource. In other words, to aguish (4.6), it is equivalent to solving

the subproblem of maximizing the unit utility gaiha specific pair of\ 1), by searching
the best MCSm and the best set for usel,, .

(m Ny))=ar maxduv’I N,
» Nwt) = arg S,

4.7)
= arg(nTha))({C m )]imrhlﬂviln—Q} ON,,

The eq. (4.7) can be derived becausedheanddr,, in (4.4) are constant given a
specific ¢, I).

In the following subsections df2.b~ 4.2.d we detail the algorithms designed to
solve the corresponding optimization problems, hews in (4.6) and (4.7), with
OFDMA-based specification in mind. Different stigies are conducted to base and
enhancement layers. Besides, FEC is implementadcmnss-OFDMA-frame fashion and
finite block sizeN, i.e., everyN OFDMA frames.

4.2.b Adaptive FEC Code Rate Determination

To ensure every subscriber iy, can receive the video data while choosing the
higher rate MCS, we propose a dynamically adjustéiblv-based block erasurdl,(K®)
FEC scheme to protect the multicast data, wheresthEEC block usek® frames to

carry the original data aré-K® frames to carry FEC redundancy. In other wordsgth
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FEC block containdN frames from frameegl1)N+1 to frameeN, and if a MS can
successfully decode the data blocks from at lk&gtames out of th& frames in the™"
FEC block, it can fully recover the original dagrmied in thee" FEC block. We choose
to adapK® with a predefined lengtN when generating FEC code to bound the maximum
FEC latency. More specifically, we use a systenh\sins OFDMA frame andll = 200,
this results in one second of delay. The resoufiagent value ofK® is determined by

LN/2] b=1

The average frame receiving ra@, instead of using (4.3), is updated by exponditial

weighted recursion for real-time scheduling

-5 Y, 11

Q= (4.9)

1 =1
wheret; is the window sizef, is an error margin factor which can statisticglbarantee
the performance. More detailed discussions fos#tap off,, can be seen in [13].

For implementation, a BS applies fragmentation/eggtion on the video bit
streams to fronN equal data blocks given the FEC paramdteik() at overall data rate
R, -(N/K®), i.e., R, /K per OFDMA frame. The data block defines the amadintata
to be allocated in each OFDMA frame, which musiadte sufficient number of slots for

it. Thus, the code rate of tiel FEC block, noted as, is
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4.2.c Mandatory Video Base Layer Allocation
To effectively implement the optimization probleof (4.5), the designed
algorithm searches for the best MCS every OFDMAng&ato heuristically approach

max{C(m) tmin Q} Series as well as the least resource consumftteMCS is decided by

maximizing the new contributor to the series as
m =arg ma>{ C (m)Jl (m,b* )ii= arg Mify, Q} (4.10)
mIM

We jointly consider the maximization af(m) and minf)i by greedily selecting the MCS

m for thet" frame based on (4.10). Specifically, accordinghte most updated CQI

feedback, the BS identifies the subscribarith minimum Q' and then selects the best

MCS that the subscriber can decode.
Besides, at the end of an FEC block, its caterf is updated to ensure efficient usage
of resources and keeps up with possible channditydiactuation. The procedure for

base layer allocation is shown in Figure 4.2. Tompulexity of the overall loop is ©).
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[EEN

©e=L t=1, K°=| N/2|;Q = 1;0i0N,

N

. repeatb, > pp

3: update channel quality™*and matrixI (m™, ™)
4: evaluat®)' using (4.9)

5. findi=arg min, Qf

6: find optimizedn' = arg max,,,, { C(mOI(m llf)'l)}

7 scheduléR,, /r® of data to be delivered in tif&frame's OFDMA MBS region usingi
8: if end of tha™ FEC blockthen

9: e=e+1

10: updatk® using (4.8)

11:  endif

12: t=t+1

13: until end of video session

Figure 4.2: Pseudo code for mandatory base layer allocation

4.2.d Optional Video Enhancement Layer Allocation

For enhancement layers allocation, we executephimization formulation of
(4.7) by approaching optimai, , every OFDMA frame and updatirig, every FEC
block. In other words, within an FEC block, a pafilv, |) is targeted to a fixed set of

users, who are dynamically scheduled frame-by-frauiti@n the block. The algorithm in

Fig. 4.3 describes the whole process.

In searching form, ,, operations in Lines 3 to 6 in Figure 4.2 are exedt first to

calculateriy,, and compute the utility function
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1. repeat

2: for all eligible {, I) do

3: find ﬁ{,,| using Fig. 4.2, Line 3 to Line Bli 0N, |

4; calculate~7vyI using (4.11)

5: end for

6: scheduley |) in descending order gf , until no resource left subject to layer dependency

7: if end of an FEC blocthen

8: for alleligible (v, I) do

9: findi = argmax, |j Qj=Q" ,jON,|@Q
10: updatd,, using the result of Line 9

11: end for

12: updat&® using (4.8)

13: endif

14: until end of video session

Figure 4.3: Pseudo code for optional enhancement layer altocat

~ _du, N c(m,)
=N sy W (4.11)
’ S ’ ' a-R/,l

of each ¥, I) according to (4.7). Therefore, we schedule vite@rs in a descending
order of/~7V,I value until no resource left subject to layer dejegrcy. Note thal,; andr®

are fixed during this phase.

At the end of an FEC block, in addition to updkife the algorithm searches for

the best subset of users to receive this layeidgfovby picking the bottleneck station

resulting maximum utility. So, we consider atlependent terms in (4.11) to find
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i=arg maﬁj :Q;2Q, jON,|[@ (4.12)

iON,,

where resultingN,, ={ j: Q}‘ 2Qk, JONJ} implies only stations capable of receiving

more OFDMA frames than are scheduled for this layer. So, the bgt can be

continuously updated. The decouplingrif, (every frame) and\,, (end of FEC block)

searching results in suboptimal allocation but rsad@re that once a station is chosen to
be served, the whole FEC block will not be inteteahh Comparing to the base layer
algorithm, the extra loop updatimy | has the same search radgeso the complexity is
still O(N,).
4.2.e Performance Evaluation for Multicast Algbms

In this experiment, we focus on the comparisodifierent multicast algorithms
for layered video over 4G network. Two multicagtestuling frameworks are considered:
1) the OLM algorithm in [13], and 2) conventionalilticast scheduling algorithm, which
is introduced in [15]. The configurations of thenslated system are set based on the
PUSC mode [20][27]. Details of the simulation pdath can be found in [13][56] and are
omitted here due to the space limitation. The besidigurations of WiMAX PHY layer
and MAC layer are identical for both methods. Irrtigalar, it is assumed that the
WIMAX service will be delivered by a single BS toogps of MSs. These MSs shall
randomly scattered over the cell area centeretteaBS with a radius of 1.4 km. The
channel propagation loss is estimated using theTCZ33 suburban model and the Jake’s

model is adopted for the effect of small scalerigdR7].
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Figure 4.4: Comparison of average received utility

Further, we set up a scenario with three layerddosstreams\(=3) and the
numbers of subscribers ahg ={100, 80, 40} for three videos respectively. Edoh
video has four video layers € 4), and the utility value for each layerds,, = {0.5, 0.25,
0.15, 0.1}. The MBS region size reserved for DLaeodmulticasting isGp =110 slots.
The data rate of each layer is 250 Kbps and wilscoe an aggregate rate of 1Mbps.

Figure 4.4 shows the average received utility urdiferent algorithms. The
OLM can receive 0.74 utility in average from theet videos under the scenario with
tight resource budget. Compared with the conveatianulticast scheduling which
receives only 0.54 utility in average, the OLM atds 37.9% higher utility, which

clearly demonstrates the outstanding performan€2Ldf algorithm..
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4.3 Resource Management Problem Formulation for Integated SVC

System

In section 4.2, the OLM multicast schedulihgpaithm, i.e., the DL side solution in
our proposed integrated framework, has been ddtdiidhe following sections, we will
focus on resource allocation for UL videos by jironsidering the DL MSs.

4.3.a Video Layer Assignment Problem

To tackle the varying wireless channel conditidre kayer-encoded video is adopted in
our systematic solution. Our UL CSs will directlpload the layered video streams but
the number of video layers must first be determibefbre uploading. Assuné video
streams, each captured by a CS, are to be upldadbd video repository or social web
platforms and. is the total number of layers in each video. Tate of thd™ layer in the
V" SVC video is specified bgR,; in bits/sec (bps), whelle= 1 for base layet, = 2 for
first enhancement layer and so on. Besides, for Sif@os, if thel™ layer is to be
uploaded, it implies that all its lower layers,.,ile=1, ... , ( -1), are already uploaded
because of the dependency among layers of SVC oddeds. Thus, for the" video,

when thd™ layer is assigned, the overall encoding rate $sileed as

|
R, = Z|":15R/,I"
More specifically, we denot,=[dR,] (in bps) to be ah x 1 vector consisting of the bit

rates of each layer, e.dRo= [250 250 250 250]Kbps,|=1,...,4,and each CS needs to be
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assigned the number of uploaded layers so thaathget bit rate can be determined.
Further, we define & x L assignment vecta, = [a,]. If the V" CS is assigned with the
1™ layer,a,, is set as 1; otherwise, thg, is set as 0. For instance, if the base andthe 1
enhanced layer is assigned, &es shown as [1, 1, 0, 0]. Thus, the bit rate assigto

thev" CS, noted aB, , can be expressed as:
_ _ L
Rl_a\/RO_Zhlal,lmng,l ' (413)

The dependency among layers of SVC videos is afreadsidered in this assignment
vectora,.
Now we define The average CQI of #&CS up to time is evaluated by using the

exponentially weighted method as

(1_p)5/(t_1)+pb/(t_l) t>1 (4.14)
1 t=1

&m={
where the weighting facteris set as 1/50 to calculate the average real-@QE[21][22]
in our experiments, and thus the averaged slotoitgpia C2(t) =9.6xh, (t)  Kbps/slot
[15], as shown in Table 2.1. This value is instratakin the task of estimating the
average slot required when th8 layer are assigned to a CS by the BS. For theovide
with | layers to be uploaded, i.e., the total iRte the average number of slots required is
Gy, =[R,/C29]. For a SVC video, the change of slot demand dueh&mge of video

layer assignment frori-1 tol is noted a®G, | = G, — Gy 1 andG, o is defined as zero.

Thus, the average number of slots needed by'tivideo can be expressed as:
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L
G, = Z|=1 a, B;GV" ' (4.15)

In the OFDMA system, the total number of slots klde at each OFDMA frame is

caped aGy slots. Hence, the radio resource constraints eaefresented by (4.16):

Z\;:le = Z\\::lz |L:18v,| [6G, < G (4.16)
Now we defineuy, to be the cumulative video quality gain when ugh®" layer of the
V" video is successfully uploaded and received bytsaiber on the DL, whena,; >
U1 Note that theu,, can also be viewed ag,(ry) , wherer, is the rate assigned to the
scheduled™ CS. According to [50]-[52]u(r) is non-decreasing with respectrfoOnce
there areV scalable videos, witlh layers in each video, to be uplinked to the web
platftorms and distributed by multicasting, the kotdility U, reflecting the total

subscribers' experience or satisfaction for thike@j can be expressed as:

U= Z\::lz :_:1( N,, Oy, ) L&, = Z\le U, (4.17)
wheredu, | = Uy -Uy1 is the video quality gain when thlayer is uploaded and o is
defined as zerdy), is the long term utility to be generated\yCS.

Egs. (4.16) and (4.17) lead to the following probl@rmulation:
P1. A Long Term Video Layer Assignment Problem
GivenRy, Ny, by, andduy, find the assignmerat, = [a,] for all CSsthat maximizes the

total long term utility Udefined in(4.17).This can be expressed as

maxU =Y" U,
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subject to the constraints (d4.16)and
1<>" a, <L, 1SvsV. (4.18)

It implies that each CS will be assigned to a deslied bit rate, i.e., at least the base layer
has to be assigned to a CS to ensure the minimairitygfor each UL video. The
solution toP1is the assignment{ '} for all V CSs. It will then be substituted into (4.13)

to calculate the optimal bit rate assignment fahe@S as:

* * L %
R=dR,=>_ 4a,DBR,
Further, the video quality assignment, i.e., tlgated video quality, for each CS can be

noted as:

u, = Zrzl at/,l [Du,,. (4.19)

Thus, the targeted utility of each CS can be ega@gsas

* L *
Uv = lel( NV,I @L{/I) DaV/,I'
Problem P1 (Egs. (4.16) and (4.17)) is the clakSidaknapsack problem with additional

constraints described in (4.18), which has the tiaase complexity.”.

4.3.b Real-Time Packet Scheduling for Assignddd/Layers
The assignment reswd} above yields an optimal targeted average bit rate
assignmenR, and an optimal targeted utility,” for each CS. The video streams are

also allocated witls,” slots in each OFDMA frame. However, the assignmesillt does
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Table 4.1: List of Notations

Notation Description
\ Index of a video program
I Index of a video layer
L Total number of layers in each video
L, Number of video layers allowed to be uploaded
Ny Total number of subscribers to tfRvideo
Ny Number of subscriber that will receiv8 video up td™
c(m) Slot capacity (Kbps/slot) af" MCS
b,/ b, CQI of a DL subscriben/ UL camerav
a, lay, Assignment vector/element
Ay, utility gain forl™ layer inv" video
R, Payload (Kbps) of" layer inv" video program
Gy Total available slots for UL in an OFDMA frame
G, Avg. number of slots needed to Wt video
Ty max Tolerable delay for real-time video packet
U Total utility value

not bind the CS to any patrticular slot of any spe8CH (frequency band). Besides, for
live video streaming, each packet has a deadlipg. and should be delivered before
the T, max Otherwise, it will be discarded and resultingitility degradation. Thus, to
achieve the targetdd, , an effective packet scheduler is also essefftia.objectives of
real time packet scheduler is to (a) decide whi8ls €hould be scheduled in each
OFDMA frame, and (b) assign the SCHs and slotath selected CS such that the real
time constraints are met, and the average bit mwitebe as close to those targefed as
possible so that thg, can be reached and the P1 can thus be compreglgrsiwed.
More specifically, in our work, after P1 is solvadd the assignment resali is obtained,

the packet scheduler is to reach the targetedound in P1 and will not change the
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determined P1 solution; therefore, the real-timekpascheduling is regarded as a finer
search for detailed parameters.
All notifications used are conveniently summarizedable 4.1.

4.3.c DL Resource Management Problem for Lay®¥iddo Multicasting

In our integrated framework, the DL resource atamn problem has been

discussed in the section 4.2a. This problem is fbaited and optimized by using two key
steps: 1) optimization on mandatory video baserlayal 2) optimization on optional
video enhancement layers. Please refer to theogett?a for more details.

To efficiently deal with the optimizatioask formulated in P1, a systematical cross-
layer algorithm, named Integrated Visual-QualityMen (VQD) Scheduling is proposed,
as shown in Figure 4.5. This method intelligenthnsiders the interaction between the
APP and MAC/PHY layers so as to optimize the overdity and concurrently each UL
video's quality. Further discussions fUQD are detailed in the following Section 4.4.
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BS MAC | Base Eh1 Eh2 Eh3

I

I

I

I

I

|

77777777777777777

|
|
|
BW Req.
|
|
|
|
|

T
UL+grants CQI

UL grants U L;Transission

PHY

Figure 4.5: ThelVQD System: In BS, thevQD module is for visual quality optimization. In C&;alable
video with 4 layers is adopted in this example.
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4.4 Cross Layer Scheduling and Resource Allocation

4.4.a Long-term Uplink Layers Assignment:

To solve the problem d?1, we first define per-slot utility gainp,, as follows:

Nv,I |]5uvl — JUv,I ’ 1S| < L ’ (420)
Gv,l - Gv,l—l JGM

,7v,l =
wherey,, is the unit utility gain when video streanis assigned with th¥" video layer.
For a video stream, the change of utility value ttuehange of video layers from 1 to

| is noted aglU,, = Ny, - A, and the change of slot demand,,, as defined in (4.15).

After incremental unit utility gainy, is defined, we can rewrite (4.17) as follows:

U = Z:,/:lz:;la_Gv,l m]v,l |3/,| (4-21)

DenoteUnmax to be the maximum utility that can be achievedhv®, or fewer slots.
Clearly, the per unit utility gaibdma/Go Will also be the largest. This observation leads t
the first two steps of the bit rate, i.e., videgdg assignment heuristic algorithm. The
algorithm proceeds with layer assignment as follows

Step 1. Compute and then sorg{;; 1<sv<V,1<I| <L }to yield a mapping of indexy(

) to an ordered list {(f), I' (f)); 1 <f <F} such that
Moy 22132 2 e 1(r)

wheref is the rank index for ordered list aRdV xL.

Step 2. SetGy(0) = 0
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Forf= 1 toF,
ComputeGy(f) = Gy(f-1) + Gy m ()
If Gu(f) < G,
setayp,p=1
ElseGy(f) = Gy(f-1)
J=1f-1, then break the for loop
End for loop

Step 3.

Forf =J+1 toF,

If 5Uv'(f*), 1'(£7) > z‘:zlduvl(f), I'(f)
(i) resetdvm, rn=0,Gy(H=0;1 f J}
(il) sey () = 1
(i) Reddteps 1 and2 for the resty 1) with
Gu(0) = By )i
End for loop
If Gu(J) <Gy, performSteps 4 and 5. Otherwise, exit.
With Steps 1 and2 in this greedy heuristics, each video stream sggasd with the most
efficient transmission video layer in terms of itiivalue per slot, starting from the most

efficient video stream. Note that not all videosyrba assigned with enhancement layers.



76

Step 3 guarantees the algorithm performance by preverdimg extremely high utility
video with lower per slot usage from being discdrde

On the other hand, there are cases wWBgd) < Gy. Under the circumstances,
even though each video stream is assigned a kithaating maximum unit utility gain,
there might be some slots left. Hence, it is fdasib transmit more layers for some UL
CSs to maximize the overall utility. To do thisetivQD applies the OLM, a DL
multicast algorithm [13], to search the CSs tograit more layers.

For instance, when laydrof thew" video, noted asv Iy), is not yet scheduled,
the current total utility obtained fro®teps 1 to 3 is Ur. But when ¥, |1) is also put into
UL scheduling consideration, the total utility mbg increased t&J« under the same
slots constraint. The additional utility gain, defd asUr~ -Ur> 0, is obtained because
(v, l) may be the layer resulting in higher utility. Mahat the OLM is able to create
higherUt noted as Y when given the additional choice of, (;) for the DL scheduling
selection, since it is able, as has been prowerprovide the optimal DL utility when
more video layers are given. The selection proesiare detailed iSteps 4 and5.

Step 4.

Find each CS's highest scheduled layer obtainead $teps 1 to 3 by

L(WM={> 1 a,1; 1 <l <L}. Next, for all non-selected layerd (v) +1), where
1<Lyv)+1<L, sort{dUy, Lyv+1; 1<v<V}to yield a mapping of index to an ordered

list{v (g"); 1<q" <V}, such that



77

ouU >...>0U

,Lv(vi(@) 1 =

120U .y

v'(1), Lv (v @)+ vi(V), v (vi(v) 10

Further, map all scheduled layers fr@eps 1 to 3to a list {(v ('), I'(f)); 1< < J}.

Step 5.
Forg" =1toV,
Find DL layers by OLM, given scheduling selecti¢fs (f'), I'(f')); 1< <J}
and\( (9"), L«(g")+1)
I 5Uv"(q"), W)t~ Z))((ldu v(FC3) RO
Compute 3G = 3G,y 1y —ZLJGV( FOR) KR
164(J)+3G < Go
setav(q), Lugy+1 = 1.
dv(oo) o= 05 1S X< X}
Gu(J) = Gu(J)+ &G
J-J-X+1
Then redo Step 4 and 5.
End if
End if
End for loop

More specifically, the video layer assignment peabis now solved by searching
the layers with maximum unit utility gain withingrslots constraint. The propos&QD

method improves the uplink video delivery of CSsaads the highest possible DL utility
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by incorporating the OLM algorithm. Besides, byngsthe OLM, the integrated system
can evaluate the number of MSs which can recesgeeaific layer, i.eN,,, and the value
of dU,, based on the feedback information, such as CQIDlofusers. ThelvQD
principle above is summarized in Fig. 4.6.

The complexity ofVQD algorithm above can be assessed as: Line 4 aake5 t
O(N,) [4] and O(VL) operations respectively. Line 7 h&%VLIbgVL) operations for
sorted scheduling iBtep 1 and 2. Then, in thBtep 3, it may haveO(VL) as the highest
amount of operations. After these steps, the waase forStep 4 and 5 iSO(N,VL) and
O(VLIObgVL) respectively. Thus, the overall complexity in g 4.6 is MAX{O(N,),
O(N\WVL), O(VL), O(VLIbgVL)} = O(VLIbgVL). Itis therefore reasonable to assume that

thelVQD layer allocation algorithm is suitable for reahé implementation.

1: Repeateverye seconds

2: Update the channel quality for ®lICSs

3. for all eligible {, I) do

4 (). Use OLM in [13] to evaluate tNg, anddU,,

5: (i). Then findyy,.

6: end for

7. Schedule ally |) by usingStep 1 to 3 until no available slots subject to layer depergen
8 If there are unscheduled layers &&(J) < Gy

9 Based ddtep 4 and5, find the higher utility by OLM
10: Update the layer assignmeniltes

11:  endlIf until all layers are tested

12:until end of video session

Figure 4.6: Pseudo code farideo layer assignment ivQD algorithm.
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Once the scheduling of individual video layer etetmined from Sec. 4.4.a, the

video packets associated with the scheduled lagred to be effectively allocated in each

OFDMA frame. The utility-based priority schedulifigr each CS is adopted for

scheduling packets frame-by-frame. Based on theutitity gain and the queuing delay,

the BS scheduler calculates the priority of eacha@® serves them according to their

priority in descending order. The priority functidefined is

Uv, norm 1
S« R LifFR(t)=1landh,, €)% O
@’k(t) =1 JFE, (1) <1 andh,’|< {7 (
0 , otherwise,
where
Uv,norm:z:_zl(Nv,II];uv,l) |:B\/I/U
and

R (1) = (T max =W(D)/ T

(4.22)

(4.23)

(4.24)

The % is the priority of the/" CS onk" SCH andUy normis the normalized utility. The

sl RJ/Cyl is the estimated slots consumption when CQi,js F, is the delay factor

[3] with T, maxandW, denotes the maximum tolerable delay and waitimg tiespectively.

Ts is the guard time and usually is the same as ¢heduling period. Whef,<1, it

means the queue in th8 CS has the packet with delay approachinglthgxand should
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be served immediately. This mechanism can effdgtidecrease the packet loss while
maintaining the users' satisfaction.

The steps for packet scheduling are as shown below:

1. Foreach UL CS, get the ranking list of priority § for all the K SCHs by using

(4.22):

Q={k K...k:@,z2..2¢g, } v=1..V (4.25)

The g, x will be deleted from th€, once there is no available slot for UL video
transmission in the&" SCH.

2. Get the highesp for each CS and defined it Bg which is the maximum iQ,

R = max{Qv}; v=12.V (4.26)

3. For The CS"which has the maximur, will be scheduled and allocated to the

available SCHS where:

sch

(v, k™) = arg maxf, }; (4.27)

The instant CQI assigned ¥&" at framet can be shown as
bvsch (t) = bvsch‘ K sch(t) (428)

This assigned CQI can be mapped to the correspgpMd@tSm, as shown in Table 4.1,

and the MCS adopted by &&"is thus obtained. The average CQlI is updated ly)4.
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In our system, we iteratively schedule the CS saldct the assigned SCH along
with the corresponding MCS by using the step B2l 3 above in every OFDMA frame
until no more slots are available or all CSs haserbserved.

The complexity ol VQD packet scheduler is assessed as follows: In (4f@5¢ach CS,
the priority in (4.22) needs to be evaluated foKaBCHs and thed¢ results in turn need
to be sorted. Thus (4.25) hexVK) + O(VKIIbgVK) operations. As regards (4.26) and
(4.27), both requireO(V) operations. So the overall complexity is MAS{VK),
O(VKiIbgVK), O(V)}= O(VKIbgVK). It is hence justifiable to apply the proposed

scheduler to real-time application.

4.5 Simulation and Performance Comparison

4.5.a Utility-Driven Greedy Algorithm
The performance of the proposddQD algorithm is evaluated through extensive
simulations. Specifically, the performance IMQD algorithm and a baseline Utility-

Driven Greedy algorithm [16][17] are compared oeenumber of different scenarios.
More details about Utility-Driven Greedy have bedready introduced in Sec. 3.5.a. To
validate the near-optimal performance of IMQD algorithm, exact globally optimal

solution will be computed using exhaustive search.
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4.5.b Simulation Configuration

In this paper, the simulations are performed atiogrto [20][27]. The simulated
WCN includes two WiMAX cells, with a BS for uplirdnd the other for downlink. Each
BS is set in the center of its cell and the coreedil CSs and DL MSs are uniformly
distributed within their cells. The channel propéwma loss is estimated based on the
COST 231 sub-urban model and the small scale fasfiiegt is measured employing the
ITU Vehicular A multipath model [27]. Our simulatsgistem is set to work on a 10 MHz
band with a 5ms OFDMA frame [27]. For UL transmissithe band-AMC permutation
mode [20] is adopted. In the DL cell, the PUSC miased for video multicast. The
configuration for the system parameters in the &tran are summarized in Table 3.2,
and the parameters of OFDMA band-AMC and PUSC navdeshown in Table 3.3 and

Table 4.2 respectively.

Table 4.2: PUSC OFDMA Parameters

Parameters Value
Permutation mode PUSC
FFT size 1024
Sub-carrier frequency spacin@ X 10.94 kHz
Useful Symbol Time (J= 1/f) 91.41s
Guard time ([=T,/8) 11.4us
OFDMA Symbol Duration (J= Ty + Ty) 102.9us
Frame duration ¥ ) 5ms
Band-AMC Mode
Null sub-carriers 184
Pilot sub-carriers 120
Data sub-carriers 720
Number of Sub-carrier per cluster 24 data + 4 pilot
Number of clusters per slot 2
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UL scenario: A cell with 6 uniformly distributed UL CSs is codgired. Each CS
provides a live video, which is SVC coded with= 4 layers (1 base + 3 enhancement
layers), and the corresponding utility gain foridedent layers are set &8, ={0.5, 0.25,
0.15 0.1}. Each layer has an identical r&R = 250 Kbps for allv andl. Thus, each
video consumes an aggregate rate of 1 Mbps. Futtiemaximum latency oF, max =
50 ms queuing, defined in (4.24), for each UL packesed to determine packet loss.

There are three UL algorithms to be compared:hg) Exhaustive search for
globally optimal solution, 2) the proposddQD method, and 3) the Utility-driven
Greedy algorithm. Each method needs to decide uhbar of uploaded layer for thé
video, i.e.,L,. On the DL, the utility produced by each videddsdback to each UL CS
every 5 secs [16] and treated as the resourceasibbocindicator.

To evaluate the users’ satisfaction by each Ulorilgm, we compare their total
utility and the normalized utility produced by &IiSs under two different amounts of
resource reserved for UL video aggregations: a)sl@4 and b) 132 slots. The case of (b)
represents a situation where the resources areesiceview of the size of the payload.

DL scenario: On the DL, the OLM is applied to obtain the optimaulticast
utility [13]. Further, 6 UL videos are requested dgrpups of MSs, with the number of
multicast subscribers for each UL video beMyg= [100, 90, 80, 60, 40, 20]. Besides, 330

slots are reserved for DL videos per OFDMA frame.



Table 4.3: The average utility value in 20 sedd, =[100, 90, 80, 60, 40, 20]

60:132 GO=154
Utility Utility
Exhaustivi 360.015! 368.5¢
IVQD 360.007! 364.1°
Greed! 327.9¢ 355.9!

Table 4.4:The average utility value every 5 secs by each atetimd 20 secs overall. Stage 1 = 0~5 sec,

Stage 2 = 6 ~ 10 sec and so Np= [100, 90, 80, 60, 40, 20]

Go=132
Stage. Stage. | Stage. | Stage-
Exhaustivi | 36264 | 358.9! | 358.8: | 359.6¢
IVQD 362.6¢ | 358.9( | 358.8! | 359.6¢
Greed 322.8¢ 328.1¢ | 329.8( | 330.99!

Table 4.5: The average utility value every 5 secs by each atetimd 20 secs overall. Stage 1 = 0~5 sec,
Stage 2 = 6 ~ 10 sec and so Np=[100, 90, 80, 60, 40, 20]

Go=154
Stage. | Stage. Stage. Stage:
Exhaustivi | 368.6¢ | 367.6( 368.6! 369.2:
IVQD 368.6( | 362.5¢ 362.4: 363.0¢
Greed 348.5¢ | 354.3¢ 359.1¢ 361.5¢

4.5.c Simulation Results
The experiment results for the overall system qgrarance are summarized in
Table 4.2, 4.3, and 4.4. Each entry in Table 4spldys the mean of utility values over
20 seconds, and that of every 5 seconds in Talleadd 4.4. It can be seen that,
compared with the optimal value by exhaustive methbe total utility by proposed
algorithm is very close to the optimal utility ihgse tables, especially wh&g=132. It
further demonstrates that the resource usage esftigi needs to be considered while

searching for the solution of the optimal systemigrenance.
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Figure 4.7:(a). Normalized utility of each CS when @y=132. (b)Go= 154.

In addition to the total utility created by eackthrod, we are also interested in the
utiltiy of each video. Figure 4.7 shows the comgami of each individual CS operated by
optimal, IVQD, and Greedy algorithms separately. The normalizigity is used to

reflect the obtained satisfaction from the subseslof a specific video, i.e.,

U_v = Z:_:luv,l NV,I/Z|L:1 l*/,I l\l/

This is the ratio of the expected utility gain whéhe L, video layers are

(4.29)

scheduled to the maximum possible utility whenLallideo layers are scheduled. Figure
4.8 and 4.9 also show the cumulative utility ousret for the most popular video (CS1)
and the least popular video (CS6). Compared with @reedy method, th&/QD
algorithm provides higher utility for the more pdguvideos (such as CS1-CS4). For the
less popular videos (such as CS5-C$8RD guarantees its basic utility and prevents
quality downgrading due to the change of schedufiagision or channel fading. The

situations are identical in both radio resourcedgaicgcenarios.
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Figure 4.9: Utility generated by (a). CS1 (b). CS6 using 3met.Gy= 154.

Figures 4.10(a) and 4.10(b) further show respelstithe packet loss rate of CS1
and CS6 by the three methods. Compared with tHey@Ereedy scheme, Figures 4.9(a)
and (b) show that, even when the available resaanaduced, th&/QD still maintains

good performance on loss rate for each CS.
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Chapter 5 — Conclusion and Future Works

In this dissertation, we comprehensivelypmsed a novel and effective cross-
layer scheduling and resource allocation algoritbmreal-time video camera networks
over the OFDMA-based wireless infrastructure. Téengrios including real-time unicast
video uplinking, layered video multicasting, andled transmission in an integrated UL
and DL system are all investigated within two mapplications of our research: real-
time surveillance video UL delivery and user-getetavideo transmission, from video
content generators to subscribers, through therdl ¥ integrated systems.

For the real-time surveillance vidggstem, we are proposing a now&DD
algorithm that yields near-optimal solutions tolbtite long term bit rate assignment and
the real-time packet scheduling for the uplink V@ss multimedia system over the
mobile network of next generation. This method deiees the most appropriate video
encoding rate for all videos by considering eachsQgility, reflecting the video
perceived quality along with the importance of wdmntent, and the channel quality.
Further, the packet scheduler propose¥@D solution, considering each CS's average
received rate, HOL delay, instantaneous CQI, andutifity gain and incorporating with
a efficient resource allocation policy to determthe number of slots to be assigned, is
applied to select best set of CSs uploading thdeospackets in each OFDMA frame. It
is also shown to be capable of exploiting the ieheriversity gain due to wireless
channel variation.

For the integrated system, in view of rapid flattng channel conditions for UL

CSs and DL subscribers, the propos®¥@D algorithm adopts layer-encoded video
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technology to facilitate more flexible and robusttal rate adaptation. On the DL side,
IVQD algorithm employs the OLM scheduling, a previouphpposed video multicast

algorithm, to optimize the DL performance. For eadteo layer successfully uplinked,

the OLM selects the best subset of MSs to recéiigeldyer to maximize the total utility

and assigns the most efficient MCS to transmitiduz.

The IVQD algorithm determines the number of video layerbeouploaded by
jointly considering each UL CS's channel qualitd &me video perceived quality from all
DL subscribers. To obtain the best set of videedayoptimizing the total utility, it
combines with the OLM method to further search adég UL CSs to transmit more
layers under the resource constraint. To optinfizeréal-time UL scheduling, tHeQD
also proposed a packet scheduler, considering @&t&hHOL delay, instantaneous CQl,
to select best set of CSs uploading their vide&gtadn each OFDMA frame. Besides, to
apply thelVQD method to the real system, we further use the GbMestimate the
possible number of receivers and potential utildybe generated for each video layer
based on all DL MSs' latest CQI feedback.

The simulation results indicate that bo#t@QD and IVQD are able to deliver
superior performances in a good many aspects,dimguhigher spectrum efficiency and
throughput, much lower packet loss, more stablewiduality, higher enhanced utility,
etc. as compared with the baseline methods. Thipgsed system can be applied to
various real-time monitoring scenarios and is Hgadpplicable to any OFDMA 4G

technologies, such as WiMAX and LTE.
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In view of the practical limitations of feeack resource for mobile uplink systems,
we presented the packet schedulers using only Hbevadle number of the actual
feedback information from CSs, such as HOL and wédftti request, in the OFDMA
systems. The first future work is to apply the megd scheduler to LTE type of networks,
which use SC-FDMA in the uplinking, and will reqeidifferent radio resource allocation
policy. Further extension of this work resides dopting more information from videos,
such as the type of video frame, to adjust thecdigy priority, e.g., the I-frame packets
in a higher weighted CS should have the higherripyithan P-frame packets of others.
In addition, the design for scheduler in mobile @8ocating the bandwidth required
from a BS to adequate packets in its queue foragphg, should be worth investigating
as well.

Moreover, to efficiently deliver the multim@dcontent to multiple destinations, the
3GPP LTE has also introduced the Multimedia Broatib&ulticast Service (MBMS) as
a mean to broadcast and multicast information to 8@ 4G users. However, its
performance is still restricted by the followingfars:

1) The performance of user terminals (UEshea overlapping cellular regions could
be effected by destructive interferences (i.eerh@ymbol Interference (ISI)).

2) The performance of a MS gradually degsaakeit moves away from the BS.

MBSFN (MBMS over a Single Frequency Netwdnks therefore been proposed for
LTE [69] to improve the performance of MBMS. In tMBSFN technology, all the BSs
transmit the same signal at the same time andtbeesame frequency channel to users.

As a result, the BSs are required to be tightlyetsgnchronized. In this case, the
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transmissions received from multiple cells will, seen from the UE, appear as a single
transmission subject to severe multipath propagatid thus overcomes the two
mentioned shortcomings of MBMS by transforming dedive interference to
constructive interferences [70][71][72] and potahyi enhances quality of mobile video
service over OFDMA-based 4G networks [45]. Therefaa natural continuation for
OLM algorithm should be applying it to the MBSFNustture, which will require new

criterion for MCS selection and FEC configuration.
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Appendix A: Proof of Theorems in Chapter 3

Al : Proof of Theorem 1 in Chapter 3
Denote {pU'"), 3G'"); 1< f < F=VxL } to be the utility-resource pairs evaluated from

all eligible (, 1) by Stepl ovQD method, wheréis the rank index reflecting the sorted
results of all,; in descending order, i.8U®/3GW> sUPI5G2> ... >5UF15G"P.
Supposedl items are scheduled in total by Step 2 and assume
SUMIBG™ > sUABGA > ... >8uBGY > sUVIIEGHY.,
The indexJ+1 represents the first item not be selected duedufiicient slots, which

means the following condition holds,

GV >G - 5G".
&2 (A1)

Assume th®©PTis the global optimal solution fétl, then

> D+ 2 0PT,
= (A.2)

since the LHS has the largest unit utility gainenbtes the solution obtained frorQD
asOPT'?P. The performance 8fQD algorithm can be demonstrated in two phases:

Phaset: In Step3, if an iteri with the highesbU™ results in
* J
U >Zf:1dJ(f)’
whereJ+1< f < F, OPT'?P, can be expressed as

\ AL : I~
OPTV = 5U(™ +Zf,:15U N >sU™ >zjf=11w(f)’ (A.3)

wheref’ andJ’ is respectively the index of sorted result anel tlumber of items

scheduled aftefr is scheduled.
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Since U >3 U0 add® =50, from (A.2), one has
OPT<> UM+ U™+ =2[dU "
T L= - ’
Substituting (A.3) to above, we conclude

OPT< YT UM+ <2080 < 20OPT, A

This immediately implie©PT'?P > (1/2) OPTin Phasel.
PhaseH: If there is no itenf with highes®BU™, i.e. Step 3 is not triggered and ,
AU <Y AN by Step 4 and 5, we obtain

J i " J
OPTR =37 5UM —gU0 +6UM =37 5UC,

(A.5)

where UM >3U0: 1<i < J, F1<f < F}.

Sincedu®? <Y” A | (A.2) becomes

J + J J _ J
Zleéu 0 +5U o SZf=16U i +Zf=15U (0= 2|§f=16U (f)'
Substituting (A.5) into equation above we have
J ¥ J
OPTst:léU“HéU(J 1)s2@leéu(”s2E®PTVQD (A6)

This immediately leads tOPT'?P > (1/2) OPTin Phasell, and (A.4) and (A.6)

complete the proof of Theorem|li
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A2 : Proof of Theorem 2 in Chapter 3

For 1< f< J, 8UY8G0 > sUY/8GYHY . Therefore,

SO D 4 sc@ @ +JG(J+1)5U(J+1) > (5GW +6G +.. + 5GU+) LD

oD oG(2) cWU+D) oc(3D)
=UY+U@+ . +U0) = GD+5GP+..+5GY D) Lﬁﬁ;
> —
By applying (A.1), this inequation can be simplifias
+ (3+)

QY+ 4480 2 Gy . (A7)

Since for allf, 3G V<¢Gy, it follows from (A.7) that
AU <UD +U @+, +5U<J+1))< d,a>+ +AU9),
By using (A.2), it can be easily deduced that
(6U(1)+5U(2)+...+6U(J)) > (1-¢)OPT. (A8)

Recall that in (A.3) and (A.5), we already knowttB@ T/ > UD+3UP+ ... +5U" and
applying it to (A.7). This completes the prooftHus indicates that tH@PT'?is
extremely close to th@PT since thedG is very small as compared with the total UL

slotsGo.
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