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Abstract—We consider the problem of rate allocation among simultaneously available access networks, it is possible t
multiple simultaneous video streams sharing multiple hetmge-. support applications with higher aggregate throughpuiglto
neous access networks. We develop and evaluate an analyt'calatency and better error resiliency [5).

framework for optimal rate allocation based on observed avd- | licati h d-host devi ds t
able bit rate (ABR) and round-trip time (RTT) over each acces n many applications, each end-nost or device needs 1o

network and video distortion-rate (DR) characteristics. The rate ~ Simultaneously support multiple application flows with -het
allocation is formulated as a convex optimization problem hat erogeneous bit rate and latency requirements. One cary easil
minimizes the .total expecteq dis.tortion. of all video strears. We  jmagine a corporate user participating in a video confezenc
present a distributed approximation of its solution and conpare .5 “\yhile uploading some relevant files to a remote server
its performance against H*-optimal control and two heuris- .
tic schemes based on TCP-style additive-increase-multiphtive- and browsing web pages for reference. In the presence of
decrease (AIMD) principles. The various rate allocation shemes Many such users, each access network can easily become
are evaluated in simulations of multiple high-definiton (HD) congested with multiple competing application flows from
video streams sharing multiple access networks. Our resudt multiple devices. The problem of resource allocation arise
demonstrate that, in comparison with heuristic AIMD-based 54r4)ly, for determining the source rate of each appibcat
schemes, both med}a-aware allpcatlon gnd H-optimal control fl d for distributing the traffi ltiole simul-
benefit from proactive congestion avoidance and reduce the "'OW, and for distributing the traltic among muitiple Simu
average packet loss rate from 45% to below 2%. Improvement taneously available access networks. In this work, we focus
in average received video quality ranges between 1.5 to 10dB on video streaming applications as they impose the most
in PSNR for various background traffic loads and video playod demanding rate and latency requirements. Flows from other
deadlines. Media-aware allocation further exploits its krowledge 55 5jications, such as web browsing and file transfer, astede
of the video DR characteristics to achieve a more balanced d&o .
quality among all streams. as background traffic. _ .
Challenges in the design of a rate allocation policy for such
a system are multi-fold. Firstly, access networks diffethiair
attributes such as available bit rates (ABRs) and round trip
times (RTTs), which are time-varying in nature. Secondly,
|. INTRODUCTION video streaming applications differ in their latency reeui
With the proliferation of broadband access technologi#gents and distortion-rate (DR) characteristics. For msta
such as Ethernet, DSL, WiMax and IEEE 802.11a/b/g, portalfiehigh-definition (HD) video sequence containing dynamic
devices tend to possess multiple modes of connecting Seenes from an action movie requires much higher data rate
the Internet. Most PDAs provide both cellular and WLANO achieve the same quality as a static head-and-shoulder
connectivity; laptops are typically equipped with a burit- news clip for a mobile device. Thirdly, unlike file transfer
Ethernet port, an 802.11a/b/g card and a phone jack forugial-or web browsing, video streaming applications require tyme
connections. Since a multitude of access technologieswilt  delivery of each packet to ensure continuous media playout.
tinue to co-exist, increasing efforts are devoted to thedsied- Late packets are typically discarded at the receiver, ogusi
ization of architectures for network convergence. Intégreof ~ drastic quality degradation of the received video due torerr
heterogeneous access networks has been a major considergtiopagation at the decoder. In addition, the rate allonatio
in the design of 4G networks [2], IEEE 802.21 [3], and thpolicy should also operate in a distributed manner to avoid
IP Multimedia Subsystem (IMS) platform [4]. In additionthe traffic overhead and additional delay in collecting glob
multi-homed Internet access presents an attractive ofiiom  media and network information for centralized computation
an end-host’s perspective. By pooling resources of meltipl This paper addresses the above considerations, and investi
gates a suite of distributed rate allocation policies fortmu

Index Terms—Distributed rate allocation, multi-homed video
streaming, heterogeneous access networks
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homed video streaming over heterogeneous access netvorltsee access networks under various traffic conditions and
« Media-Aware AllocationWhen devices have informationlatency requirements.
of both video DR characteristics and network ABR/RTT
attributes, we formulate the rate allocation problem in I
a convex optimization framework and minimize the sum
of expected distortions of all participating streams. A-dis Rate allocation among multiple flows that share a network
tributed approximation to the optimization is presenteds an important and well-studied problem. Internet appioces
to enable autonomous rate allocation at each device iny@ically use the TCP congestion control mechanism for
media- and network-aware fashion. regulating their outgoing rate [7] [9]. For media streaming
« H>-Optimal Control In the case where media-specifi@pplications over UDP, TCP-Friendly Rate Control (TFRC) is
information is not available to the devices, we propose popular choice [10] [11]. Several modifications have been
a scheme based on"Hoptimal control [6]. The scheme proposed to improve its media-friendliness [12]. In [13jet
achieves optimal bandwidth utilization on all access neproblem of rate allocation among flows with different uii
works by guaranteing a worst-case performance bouisdstudied within a mathematical framework, where two @ass
characterizing deviation from full network utilizationén of pricing-based distributed rate allocation algorithm® a
excessive fluctuations in allocated video rates. analyzed. In this work, the notion of utility of each flow
« AIMD-Based HeuristicFor comparison, we present twocorresponds to its expected received video quality, medsur
heuristic rate allocation schemes that react to coiit terms of mean-squared-error (MSE) distortion relative t
gestion in the network by adjusting the total ratéhe original uncompressed video signals. We also extend the
of each stream following TCP-style additive-increasgnathematical framework in [13] to consider rate allocation
multiplicative-decrease (AIMD) principle [7]. They diffe over multiple networks.
in their manners of how rates are split among multiple The problem of efficient utilization of multiple networks
access networks in accordance with observed ABRs. Vvia suitable allocation of traffic has been explored from
Performance of all four rate allocation policies are evada different perspectives. A game-theoretic framework t-all
inns-2 [8]’ using ABR and RTT traces collected from Ethercate bandwidth for elastic services in networks with fixed
net, IEEE 802.11b and IEEE 802.11g networks in a corpora@pacities is described in [14]-[16]. Our work, in contrast
environment. Simulation results are presented for theasten acknowledges the time-varying nature of the network atteib
of simultaneous streaming of multiple high-definition (HDRNd dynamically updates the allocation results according t
video sequences over multiple access networks. We verffpserved available bit rates and round-trip delays. A smiut
that the proposed distributed media-aware allocationreehefor addressing the handoff, network selection, and autociom
approximates the results from centralized computatiosetjo Computation for integration of heterogeneous wireless net
The allocation results react quickly to abrupt changes @ tMorks is presented in [2]. The work, however, does not
network, such as arrival or departure of other video streanldress simultaneous use of heterogeneous networks asd doe
Both media-aware allocation andHoptimal control schemes ot consider wireline settings. A cost-price mechanism is
achieve significantly lower packet delivery delays and loggoposed for splitting traffic among multiple IEEE 802.11
ratios (less than 0.1% for media-aware allocation and beldgcess points to achieve end-host multi-homing [17] [18 T
2.0% for He-optimal control), whereas AIMD-based scheme¥ork does not take into account existence of other types of
incur up to 45% losses, far exceeding the tolerance leR4cess networks or the characteristics of traffic, nor does i
of video streaming applications. As a result, media-awa$@ecify an operational method to split the traffic. In [5], @l
allocation improves the average received video quality ¢gheduling framework is presented for collaborative imger
1.5 - 10.7 dB in PSNR over the heuristic schemes in vario@§cess, based on modeling and analysis of individual end-
simulation settings. It further ensures equal utilizatammoss hosts’ traffic behavior. The framework mainly accounts for

all access networks and more balanced video quality amohgP flows and uses metrics useful for web traffic including
all streams. RTT and throughput for making scheduling decisions.

The rest of the paper is organized as follows. Section |l Rate adaptation of multimedia streams has been studied
briefly reviews related work in multi-flow, multi-network +e in the context of heterogeneous networks in [19], where
source allocation. We present our system model of the acclg authors propose an architecture to allow online measure
networks and expected video distortion in Section Ill,daled Ment of network characteristics and video rate adaptatian v
by descriptions of the rate allocation schemes in Section Ityanscoding. Their rate control algorithm is based on TFRC
Performances of the four schemes are evaluated in Sectio@Wd is oblivious of the media content. In [20], media-aware
via simulations of three HD video streaming sessions sharifte allocation is achieved, by taking into account the ichpa

both packet loss ratios and available bandwidth over eag&h li

IWhile our system model is general enough to accommodateekfest on the end-to-end video quality of a single stream, wheneas i

networks such as the Internet, data service over cellutavanks and 802.11 211 th I . bl has b f lated fok
wireless home or corporate networks, it may not apply to aGes where [21], the rate allocation problem has been formulated fol-mu

the service provider performs admission control or reseypcovisioning tiple streams sharing one wireless network. Unlike ourmece
according to traffic load, e.g., in carrier grade WLAN nethor properly work where the multi-stream multi-network rate allocation
dimensioned UMTS networks for voice services. The extensiothe current . . .

work to accommodate more general network types and belsaworan Problemis addressed from the perspective of stochasticaion
interesting area of future research, and goes beyond thpe safothis paper.  0f Markov Decision Processes [22] and robustigptimal

. RELATED WORK



to approximate the non-linear increase of packet delay with
traffic rate over each network:

Internet

tp=n_ _On . _n (3)

€n Cn — Tn cs —

The value ofw,, is estimated from past observationsmgfand
en, assuming equal delay on both directidns:

i = T @)

Fig. 1. Middleware functionality in a dgvipe. The rate allocationye note that despite oversimplification in this delay model,
module collects the observed media statistics and netwuakacter- it is still effective in driving a rate allocation scheme it

istics (e.g., ABR and RTT), and dictates the rate allocataomng . . . -
application streams, over each network interface. proactive congestion avoidance, as can be verified later by

simulation results in Section V.

control of linear dynamic systems [23P][ in this paper we
stay within the convex optimization framework for mediaB. Video Distortion Model
aware optimal rate allocation, and compare the performance ) ) ) ,
of the scheme with prior approaches. Preliminary resutifr Expected video distortion at the decoder comprises of two
this work have been reported in [1] and [25]. terms:
ddec = denc + dl0357 (5)
I1l. SYSTEM MODEL
) ) ) ) _ whered,,. denotes the distortion introduced by lossy com-
In this section, we introduce the mathematical nOtat'OrEﬁession performed by the encoder, afigh, represents the

used for modeling the access networks, and for estimatigggitional distortion caused by packet loss [26].

expected received video distortion of each stream. We envi-rhg gistortion-rate (DR) characteristic of the encodedwid
sion a middleware functionality as depicted in Fig. 1, whicBiyeam can be fit with a parametric model [26]:
collects characteristic parameters of both the accessonietw

and video streams, and performs the optimal rate allocation < s < 03

according to one of the schemes described in Section IV. A d(r°) = dg + M’

more detailed discussion of the middleware functionaléy c

be found in [25]. where the parameterg;, 6° and r§ depend on the coding

scheme and the content of the video. They can be estimated

A Network Model from t_hree or more trial encodings l_Jsing non-linear regoess_

techniques. To allow fast adaptation of the rate allocation

Consider a set of access network§ = {1,2,...,N}, to abrupt changes in the video content, these parameters are

simultaneously available to multiple devices. Each acoess updated for each group of pictures (GOP) in the encoded video

work n is characterized by its available bit ratg and round sequence, typically once every 0.5 second.

trip time 7,,, which are measured and updated periodically. The distortion introduced by packet loss due to transmissio

For each device, the set of video streams is denotefl @s errors and network congestion, on the other hand, can be
{1,2,...,S}. Traffic allocation can be expressed in matrixierived from [27] as:

form: r = {ri}sxn, where each element corresponds to

the allocated rate of Streamover Networkn. Consequently, d5 s = KD, oo (7)

the total allocated rate over Networkis r, = > _r;, and

the total allocated rate for Streams »* = > 7. We denote where the sensitivity factok® reflects the impact of packet

(6)

the residual bandwidtiover Networkn as: lossesp;, .., and depends on both the video content and its
o Z s (1) encoding structure. In general, packet losses are caused by
En = Cn ST” = T T both random transmission errors and overdue delivery due to
sE

network congestion. Since looses over the former type danno
From the perspective of Stream the observed available be remedied by means of mindful rate allocation, we choose

bandwidth is: to omit its contribution in modeling decoded video distonti
Cp = Cp — Z T (2) For simplicity, p;, ., comprises solely of late losses due to
s's network congestion in the rest of this paper.

Note thate,, = ¢, —r, = ¢}, —75.

As the allocated rate on each network approaches the maXIZFOf multi-homed end hosts, acknowledgement packets fffictseent over
each network interface are returned over the same netwdwdrefore RTT is

mum achievable rate, ayerage packet d.elay typigally ime}a good indication of network congestion, occurring eithertioe forward or
due to network congestion. We use a simple rational functi@ackward path.



IV. DISTRIBUTED RATE ALLOCATION We desire to minimize the objective (8) in a distributed

In this section, we address the problem of rate allocatighanner, with as little exchange of information among the
among multiple streams over multiple access networks fro#§vices as possible. One approach is to consider the impact
several alternative perspectives. We first present a con®ixetwork congestion on one stream at a time, and alternate
optimization formulation of the problem in Section IV-A, cain Petween the streams until convergence. From the perspectiv
explain how to approximate the media- and network-awafé Streams, its contribution to (8) can be rewritten as:
optimal solution with decentralized calculations. In these min  d°(r*) + &5, ppe—tolcn=ri)/an
that video DR characteristics are unavailable, we resog to T "
formulation of H*-optimal control in Section IV-B, which +>, 25/7&5 pn,{s/e—té/(ci—ri)/an (15)
dynamically adjusts the allocated rate of each stream decor
ing to fluctuations in observed network available bandwidth
For comparison, we include in Section IV-C two heuris-

tic allocation schemes following TCP-style additive-iease- |y (15), optimization of rate allocation for Streasmrequires
multiplicative-decrease (AIMD) principle. All four sch&® knowledge of not only its own distortion-rate functiaf(r*)

are distributed in nature, in that the rate allocation pdoces zng packet loss sensitivity*, but also its impact on the
performed by each stream does not need coordination or Syte |oss of other streams via the parametefs and ts.
chronization with other streams. Rather, interactionsvbeh \wnile each stream can obtain information regarding its own
the streams arémplicit, as the ABRs and RTTs observethacket loss sensitivity and playout deadline, exchange of
by one stream are affected by the allocated rates of otkgfch information among different streams is undesirabte fo
competing streams sharing the same interface networks. 5 distributed scheme.

We therefore further simplify the optimization to:

min  d*(r*) + 3, K ppeto(enmra)/an (16)

s.t. TS = pprs,VnenN
rs < ci,VneN.

A. Media-Aware Allocation

We seek to minimize the total expected distortion of all
video streams sharing multiple access networks: s.t. Ty, = par®,Vn €N

S S
min S50 pie) ®) T < o ¥ €N,
s _ s wherex' is empirically tuned to control the scheme’s aggres-
s.t. ré=>%rs, VseS§ 9 - .
N siveness. Even though (16) does not necessarily lead to an
Tn=22sTn <o, YREN (10) optimal solution for (8), it nevertheless incorporatessidara-
5 = par®, VneN. (11) tions of both network congestion and encoder video distorti
in choosing the optimal rates. The impact on other streams
is captured implicitly by the second term in (16),reflecting
congestion experienced by all streams traversing thatorktw
Effectiveness of this distributed approximation will beified
later in Section V-B.
In essence, optimization of (16) involves a one-dimengiona

In (8), the expected distortiod?, . is a function of the
allocated rated® and average packet logg, ., according to
(5). The constraint (11) is introduced to impose uniqueéss
the optimal solution. We choosg, = ¢,/ )", ¢, t0 ensure

balanced utilization over each interface:

Tn _ 25T _ Prndos™ _ 2w Tw YneN. (12) search ofr®, thus can be solved efficiently using numerical
Cn Cn Cn D Cnt methods. Computational complexity of the scheme increases
It can also be shown that, = c3/>" ¢, Vs € S. Each linearly with the number of competing streasiend the num-
stream can therefore calculate the valuepfindependently, ber of available access networRg on the order olO(NS).
based on its own ABR observatiafj for Network n. In practice, each stream needs to track its observations ®f
The average packet losg; . for each stream is the and 7,,’'s over all available access networks, and to observe
weighted sum of packet losses over all networks: its video DR parameterg8® and rj. At each time instance,
.\ it the scheme would update its estimaten@f according to (4).
Dloss = ane o (13) |t then determines the allocated rate by minimizing (16),
n

and divides up the rate in proportion 1§, over respective

Following the derivations in [27], the percentage of lataetworks. Figure 2 summarizes these procedures.
packets is estimated as*/!», assuming exponential delay

distributions with average, for Network n and playout

deadlinet§ for Streams. Given (3),p;, ., iS expressed as: B. H*-Optimal Control

L In the case when media-specific knowledge is unavailable
Ploss = _ pne 0l =mn)lon, (14) to the wireless devices, the rate allocation problem can be

n addressed using®-optimal control [23]. In this approach, we

Combining (5)-(14), it can be easily confirmed that th&rack current and past observations of available bit raBRA
optimization objective is a convex function of the variablef each network, and model variations in ABR as unknown
matrix r. If all the observations and parameters were availabdiésturbances to a continuous-time linear system. The desig

in one place, the solution could be found by a suitable convgral is to achieve full network utilization while prevergin
optimization method [28]. excessive fluctuations in allocated video rates. An optimal



Therefore the evolutions (18) and (19) are connected via a
feedback loop.

Ideally, if the network is fully utilized at equilibriumy is
zero whileu® andz® approach zero fop sufficiently small.
To prevent excessive fluctuations in the allocated rate ol ea
video stream, however, fluctuations in the measured availab

Input: ABR and RTT measurements of available access

networkscs, 7,;

video DR characteristié®, r§ for the current GOP;
Parameters: level of aggressiveness;

Output: Allocated rater; for each access network

foreach Networkn available to Streans do bandwidth cannot be tracked perfectly. Design of the rate
Update estimate of,, according to (4); controlleru® therefore needs to balance the incentive for full
end network utilization against the risk of excessive fluctoatin
Updatep,, asc;,/ 3., ¢ allocated video rates. Such design objective can be exatess
Updater® to minimize (16); in mathematical terms, in the form of a cost function
foreach Networkn available to Streans do .
Updater; as p,r*; L*(2%,u®,w) = B (20)
end T [[w]”
Fig. 2. Procedures of the media-aware allocation scheme run bwhere z* := [hz* gu®]T denotes system output with user-
Streams. specified weightsh > 0 andg > 0 on relative importance

of full network utilization and video rate smoothness. 10)2

2512 == [y |2°(t)[*dt and [|w]|* := [;* [w(t)[*dt. The cost
rate controller is derived based orPoptimal analysis [6] function captures the proportional change of the systerputut
to bound theworst-casesystem performance. The scheme is® with respect to system input. Intuitively, when variations
distributed by nature, in that it treats the dynamics of eadhthe observed residual bandwidihis large, larger variations
stream as unknown disturbance for others, thereby decauplare allowed in the allocated video rates.

interactions between different streams. From H*-optimal control theory [6], one can choose the
Each stream estimates via various online measuremeptimal rate controller as:
tools [29] themeasured residual bandwidgs: b
uwl(x) =— | =0, | 2%, 21
_ {em if e, >0 ) %) (92 ”> D
plty —ti), if en <0 with o = (—a £ vaZ — MZ)/A and A = 1/4% — b2/¢? to

in whiche,, = ¢, —r,, is defined by (1)#; andt; denote the ENSure aNorst-cgsqaerformance factoty = sup,, L (uf, w).

initial and final time instance whes, is negative and: is a The lowest possible performance factor is calculatedy&s:

negative scaling constant. [v/a2/h% +b2/g2]~1. In other words, for any given value of
We next define a continuous-time linear system from tijg> 7"+ one can find an optimal rate controller according to

perspective of a single stream keeping track of a sing@l) to ensure that in the worst case, the cost function (20)

network. For notational simplicity we subsequently drop th"ill not exceedy. _
subscriptn and omit the time index. The extension to Although analysis and controller design are conducted

multiple access networks is discussed in the Appendix.esin@round the equilibrium point, the streams do not have to com-

each stream is independent of others in the-bptimal control PUte the actual equilibrium values. In practice, the-dptimal

formulation, the scheme also generalizes immediately ¢o tf2t€ control scheme is implemented through the procedures
case with multiple streams [23] [?]. summarized in Fig. 3. Similar as for media-aware allocation

From the perspective of Streas) its rate update Systemcomputfsltmnal C(_)mplexny of the CH-oppmal control scheme
can be expressed as: scales linearly with number of competing streams and number
of available access networks, on the ordeXdiv.s).
& = ax®+ b’ +w, (18)

.S _ _ s s
T or° 4’ (19) Input: ABR measurements of available access networks;
where the system state variabté reflects roughly residual Parameters: Stream-specific weighting parametes b)
network bandwidth for Stream and u® represents the rate and(h,g);
control action. In (18), the parameters< 0 andb < 0 adjust ~ Output: Feedback control® and allocated rate®;
the memory horizon and the expected effectiveness of dontrossreach Access network available to Streando

actions, respectively, on the system state A smaller value Measure current ABR«() and delay;
of a corresponds to a longer horizon, i.e., smoother values of  Updatez* according to (18);

x° over time. A higher value ob means a more responsive Computeu® according to (21);
system, where the rate control action of an individual strea Update rater* according to (19);

has greater impact on total network utilization. In (19§ thte end
update is approximately in proportion to the control action
with ¢ > 0 sufficiently small to guarantee stability [23] [?].
Recall thatw is function of residual bandwidth, which, in

turn, is function of aggregate rates from all video streams.

Fig. 3. Procedures of the ¥-optimal rate control scheme run
by Streams.
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For comparison, we introduce in this section two heurit | swi, s.?u :: ]j';” o

tic rate allocation schemes based on the additive-increa o T TIE Eogr o T T
multiplicative-decrease (AIMD) principle used by TCP con ™" [supe | ov | s o Comerem e
gestion control [7]. Instead of performing proactive ralile-a Time )
cation by optimizing a chosen objective according to obeery (@) (b)

network attributes and video characteristics, the AIMBdzh Fig. 6. Statistics (a) and sample trace segments (b) of measured
schemes are reactive in nature, in that they probe the nletwg¥ailable Bit Rate (ABR) and round-trip-time (RTT) from Dische

. . ekom Laboratories to Stanford University. The tracescatlected
for available .ban_dW|dth and reduce the allocated rates orﬂg)er a two-hour duration in a week day afternoon,
after congestion is detected.

As illustrated in Fig. 4, each stream initiates at a specified

rate r;,;,, corresponding to the minimum acceptable videg :-onment usingbi ng [29] [30].3 The ABR and RTT
i 1 1 1 S
quality, and increases its allocation By-* every At seconds values are measured once every 2 seconds. The traces are then

unless networ.k congestlonsls psercelved, in which case tnged to drive the capacity and delay over each simulatedscce
allocated rate is dropped Hy;, —77,,,)/2 over the congested network in ns- 2. Statistics of the network measurement,

min
networkn. .
. . together with a sample segment of the measured traces are
We consider two variations of the AIMD-based SChemeBresented in Fig. 6. Figure 7 shows how average packet

T.r:)ey ((Jl;ffer in how It.h el total allocated T(tregm_ ratéh|s :;I;j . delivery delay varies with utilization percentage over leac
tributed across multiple access networks during the " access network, as well as sample packet delay distrilzition

increase phase: at a given utilization level. In all three interface netwsrkhe
» Greedy AIMD The increase in rate allocatioAr® is average packet delay increases drastically as the uitlizat

allocated to the network interface offering the maximurievel approached 100%, as described in (3). In accordance
instantaneous available bit rate; = »°, if ¢, >

c, Vn' £neN. 3In both 802.11b and 802.11g networks, the transmission oege each
. Rate Proportional AIMD The increase in rate a||ocati0ninterface is automatically adjusted according to wirelelsannel conditions.

s ; . . . The effect of link rate adaptation is reflected in fluctuasiam the ABR traces
Ar® is allocated to all available networks in ProportioRypserved byAbi ng. Note that the rate allocation schemes under discussion
to their instantaneous available bit rat€s= Cn__ps, only passivelyreact to, instead of interact with, such fluctuations.

. L 2in 4Both forward and backward trip delays are simulated as Haffi@asured
In both schemes, congestion over Netwarls indicated upon RTTs.

detection of a lost packet or when the observed RTT exceeds a

prescribed threshold;, . The value ofr}, , in turn, is adjusted

according to the video playout deadline.
V. PERFORMANCE EVALUATION T L ¢ T o T

7080
Utiization ()

A. Simulation Methodology

Percentage of pkis (%)
Percentage of pkis (%)
Percentage of pkis (%)

Performance of all four rate allocation policies are evidda —
in ns- 2 [8], for an example network Fopology shown in (a) Ethernet (b) 802.11b (c) 802.11g
Fig. 5. Each sender streams one HD video sequence via all i _
three access networks to its receiver. Rate allocation ofﬁzgiionAverage packet delivery delay as function of network

. . . . . (top), as well as example packet delay distiins at a
each netv_vork_ is determined by th? mlddle_zware funCt'onal'gfven utilization level (bottom), from the three interfacesed in
depicted in Fig. 1. We collect available bit rate (ABR) an@ls- 2 simulations. The packet delay distributions are plottethwi

round-trip-time (RTT) measurement from three real-woidd aa utilization level of 87%, 88%, and 88% over the three itess,
cess networks (Ethernet, 802.11b and 802.11g) in a comporigspectively.
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M 1 H H H 35 * Bigshi lata
with our assumptions, the example packet delay distribgtio . - Bicehipermods
= Cyclists data

also exhibit exponential shapes. We refer to [22] for furthe 2, i

details of the trace collection procedures and bandwidth a§2°0 rtemel) - S

delay measurements usidfpi ng. gizﬂl.. 2 i,
Three high-definition (HD) video sequenc&gships Cy-

clists, Harbor are streamed by three senders, respectively. T 0' e i N Harho mocel].

sequences have spatial resolution1@80 x 720 pixels, and Rate (M2ps)

temporal resolution of 60 frames per second (fps). Eaclstre (@) (b)

is encoded using a fast implementation of the H.264/Av8g. 8. Rate-distortion (a) and rate-PSNR (b) curves of 3 HD video

codec [31] [32] at various quantization step sizes, with Gosguences used in the experimeigiships CyclistsandHarbor, all

S encoded using the H.264/AVC codec at 60 frames per secon® GO
length of 30 and IBBP... structure similar to that often usqg:]gth of 30. The measured data points obtained from engaafie

coded video quality measured in MSE distortion and PSNR
versus average bit rate over the entire sequence durations.

.

* Bigships data
—Bigships mode|
= Cyclists data
- --Cyclists model
¢ Harbor, data

6 8 10
Rate (Mbps)

The measured data points are plotted against fitted model N — Bigships optima
curves according to (6). Encoded video frames are segmented 7 2 Cyaists opamal
into packets with maximum size of 1500 bytes. Transmission s 2 " atbors optmar
intervals of each packet in the entire GOP are spread out g - Harbor, approx. |
evenly to avoid unnecessary queuing delay due to the large % N *“*”MHW‘wm“*«ﬁ“*“‘»*“w’”z“w”*”m‘i
sizes of intra coded frames. 2 TR e T

In addition to the video streaming sessions, additional e
background traffic is introduced over each network interfac ol - i - 5 e
by the exponential traffic generator irs- 2. The background Time (s)

traffic rate varies between 10% and 50% of the total ABRg. 9. Comparison of allocated rate to each video stream, from
of each access network. We also employ an implementati$ optimal solution for (15) and its distributed approxiioa (16).
of the Abi ng agent inns- 2 to perform online ABR and Background traffic load is 20% and the playout deadline is 330
RTT measurement over each access network for each stream.
This allows the simulation system to capture the interactio
among the three competing HD streams as they share the tifi@sely. Since the congestion term in (16) ignores the impac
access networks simultaneously. For consistency, measute of a stream on the expected distortion of other streams, the
frequency of theAbi ng agents inns- 2 is also once every distributed approximation achieves slightly higher rates
2 seconds. Update of video rate allocation is in sync with the
time instances when new network measurements are obtained
for each stream. Note that no coordination or synchrorimati- Comparison of Convergence Behavior
is required across rate updates in different streams, dtfesto
distributed nature of the rate allocation schemes. Figure 10 shows traces of allocated rate, when the number
In the following, we first focus on the media-aware alef competing streams over the three access networks ireyeas
location scheme. Its allocation results are compared agaifrom 1 to 3. In this experiment, all three streams are the
optimal solutions for (15) in Section V-B and its converHarbor HD video sequence, hence the allocated rate to each
gence behavior is compared againstidptimal control in stream is expected to be the same after convergence. The
Section V-C. Performance of all four allocation schemes asecond and third streams start at 50 and 100 seconds, and
evaluated with 20% of background traffic load over eaatomplete at 200 and 250 seconds respectively. Correspond-
network and a playout deadline of 300 ms in Section V-Dngly, abrupt drops and rises in allocated rate can be obderv
Section V-E compares allocation results from networks with Fig. 10 (a) for media-aware allocation. It is also intéiregs
or without random packet losses. The impact of backgroutmnote the fluctuations in the allocated rates after corarerg,
traffic load on the allocation results obtained from diffdre reflecting slight variations in the video contents and nekwo
schemes is studied in Section V-F. The effect of differedewi attributes. The FP-optimal control scheme, on the other hand,
streaming playout deadlines is investigated in Section. V-G requires longer time for the allocation to converge, as show
in Fig. 10 (b).
Next, we measure the allocation convergence times when
1, 2 or 3 competing streams join the network simultaneously.
We first verify how well the distributed solution from (16)Convergence time is defined as the duration between the start
can approximate optimal solution for (15). Figure 9 comparef the streams and the time at which allocated video rates
the traces of allocated rate to each video stream calculassdtle between adjacent quality levels. Figure 11 compares
from both solutions. The value of’ used in the distributed sults from media-aware allocation againse+bptimal control.
approximation corresponds to the sum wf for all three While both schemes yield similar allocated rates and video
streams:x’ = ) _k°. It can be observed that allocationqualities, convergence time from media-aware allocat®n i
from the distributed approximation tracks the optimal solu shorter than F°-optimal control.

B. Comparison with Optimal Allocation
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The network available bit rate is also plotted as a reference
Fig. 10. Trace of total allocated rate to each stream, as the number

of competing video streams, aMWarbor, increases from 1 to 3. 3

Background traffic load is 20% and the playout deadline is 380 g: N
z - . - R
o g e e e P
N e e f00 110 120 130 140 150 160 170 180 190
gl Time (s)
:9 (a) Media-Aware
c 0 1 2 3 3
Number of Flows g \ — Bigships - -Cyclists Harbor\
. 4 I:Imediafawar-H'Lop] g 208 1
g3 = e S )
gse HI H & 2T Unapirt® ]
» @
34 I HL P00 110 120 130 140 150 160 170 180 190
t Numberzof Flows 3 Time (S)
Fig. 11. Convergence time and corresponding average video quality, (b) H>*-Optimal
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o
fo0 110 120 130 140 150 160 170 180 190
Time (s)
D. Comparison of Allocation Traces (c) Greedy AIMD
3 T T T T T T
Figure 12 plots the traces of aggregate rate allocated over z L
the Ethernet interface for all four allocation schemesetbgr = - 1 e e
with the available bit rate over that network. It can be obedr g4 S
in Fig. 12 (a) that media-aware allocation avoids much of the 00 110 120 130 140 150 160 170 180 190
fluctuations in the two AIMD-based heuristics. Figure 12 (b) Time (<)
shows that it achieves higher network utilization thafPH (d) Rate Proportional AIMD

optimal control, as the latter is designed to optimize fa thrig. 13. Trace of allocated rate to each video stream, aggregated
worst-case scenario. Similar observations also hold fooets over three interfaces. Background traffic load is 20% andbthgout
of aggregate allocated rate over the other two interfaces. deadline is 300 ms.

In Fig. 13, we compare the traces of total allocated rate
for each video stream, resulting from the various allocatio
schemes. In greedy AIMD allocation, the total rate of eaé?l'
stream increases until multiplicative decrease is trigddry Figure 14 compares the average utilization over each inter-
either packet losses or increase in the observed RTTs fréece, allocated rate to each stream, and correspondiniyeece
one of the interfaces. Therefore traces of the allocatessratvideo quality achieved by the four allocation schemes, for
bear a saw-tooth pattern. Behavior of the rate proportiortzckground traffic load of 30%. The media-aware scheme
AIMD scheme is similar, except that rate drops tend to occallocates lower rate fo€yclistsand higher rate foHarbor,
at around the same time. The>Hoptimal control scheme compared to the other schemes. This improves the video
yields less fluctuations in the allocated rates. In both #ie r quality of Harbor, the stream with the lowest PSNR amongst
proportional AIMD allocation and the ¥-optimal control the three, at the expense of reducing the quality of the less
schemes, allocated rates are almost identical to each vidlmandingCyclists Consequently, the video quality is more
stream, since all flows are treated with equal importandealanced among all three streams.

The media-aware convex optimization scheme, in contrastA similar graph is shown in Fig. 15, for the same simulation
consistently allocates higher rate for the more demandiagth 1% random packet loss over each network interface.
Harbor stream, with reduced allocation f@yclistswith less While the presence of random packet losses tend to reduce re-
complex contents. ceived video quality, its impact cannot be mitigated by ngean

Impact of Random Packet Loss



10% Background Traffic

[Cmedia-awaffl{=-optMgreedyBIRP

£100 L ! - -
c sc Bigships. Cyclists Harbor Bigships Cyclists. Harbor
9 60 5 30% Background Traffic _ 30% Background Traffic
g 29 S2 H
5 O Ethernet 802.11b 802.11g e o e ~ I
22 o g
% 5
&0 Bigships Cyclists Harbor (a) (b)
544 ‘ ‘ ‘ Fig. 17. Average packet delivery delay (a) and packet loss ratio (b)
T 40 at the receiver for each video stream, with background ¢rédhd at
%gg 10%, 30% and 50%, respectively. The playout deadline is 380 m
o
28 Bigships Cyclists Harbor

10% Background Traffic
Fig. 14. Comparison of allocation results from different schemeth wi

background traffic load of 30% and playout deadline of 300 ms.

s
i
]
5
.
-
—
i
]

Aggregated network utilization over each interface (tag)ocated Biges 2095 Bacrground Tratf o
video rate for each stream (middle); received video quatitPSNR g ‘ ‘ ‘

o 35-
(botom) i Mnmn DHNN mn

Bigships Cyclists Harbor
50% Background Traffic

Cmedia-awarl@{~—op{ElgreedyBIRP

._\
PSNR (dB)
0
&

g %(3)0 30
‘5 60 [ 1 2 Bigships Cyclists Harbor
50 Ethernet 802.11b 802.11g
By Fig. 18. Received video quality in PSNR foBigships Cyclists
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© 0 Bigships Cyclists Harbor
o 44 T T T . . .
%40— It can be observed from Fig. 16 that, increasing background
5,§§ﬁ traffic load leads to decreasing allocated rate in eachrstrea
o . .
Bigships Cyclists Harbor While the other three schemes treat the three flows with equal

Fig. 15. Comparison of allocation results from different schemednportance, th_e media-aware allocation _con&stentlyr_ﬁaﬂme

with background traffic load of 30% and playout deadline dd 8@s. More demandingdarbor, thereby reducing the quality gap

There is 1% of random packet loss over each interface. Agtedg between the three sequences. The two AIMD-based heuristics

network utilization over each interface (top); allocatedeo rate for achieve lower received video quality than media-aware and

each stream (middle); received video quality in PSNR (ojto  yoc_qntimal allocations, especially in the presence of heavie
background traffic load.

. . Figure 17 compares the average packet delivery delay and
of careful rate allocation. Consequently, relative parfance cket loss ratios due to late arrivals. In the two AIMD-lzhse

of the four rate allocation schemes remain the same in b(ﬂ?\q .
schemes, allocated rates are reduced aftgr congestion

scenarios. This justifies the absence of a term representn . .
; . been detected. The media-aware allocation and the H
random packet losses when formulating the media-aware ra

. . . o] e[imal control schemes, on the other hand, attempt to avoid
allocation problem. For the rest of the simulations, we ¢her b P

: : network congestion in a proactive manner in their problem
fore focus on comparisons without random packet losses. . . o
formulations. They therefore yield significantly lower gat

loss ratios and delays. This leads to improved receivedovide

F. Varying Background Traffic Load quality, as shown in Fig. 18. The performance gain ranges

Next, we vary the percentage of background traffic ové@etween 1.5 to 8.8 dB in PSNR of the decoded video,
each network from 10% to 50%, with playout deadline giepending on the sequence content and background traffic
300 ms. The impact of the background traffic load on tHead. Note also, that the packet delivery delays and paokst |
allocation results is shown in Fig. 16. It can be observédtios also indicate the impact of each scheme on background
that total utilization over each interface increases whie t traffic sharing the same access networks. Lower delays and
background traffic load. For the media-aware*4dptimal losses achieved by the media-aware afg-bptimal schemes
and rate proportional AIMD schemes, utilization varie§'eans that they introduce less disruption to ongoing flows, a
between 60% to 90%, whereas for the greedy AIMD schenrfefesults of proactive congestion avoidance.
the 802.11b interface is underutilizédote that media-aware
allocation ensures balanced utilization over all threeeasc G. Varying Playout Deadline

networks, as dictated by (12). In the next set of experiments, we vary the playout deadline

for each video stream from 200 ms to 5.0 seconds, while

5Since 802.11b has significantly lower ABR than the other taterfaces, fixing the packground traffic load at 20%. Figure 19 compares
it is never chosen by the greedy AIMD scheme. the allocation results from the four schemes. As the playout
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Fig. 16. Comparison of allocation results from different schemasth& background traffic load increases.

deadline increases, higher network congestion level can be ‘Dmedia—awafDHw—opt.-gre‘Ed)'-RP‘
tolerated by each video stream. The media-aware allocation 220 Playout Deadline = 200 ms Z0 Playout Deadline = 300 ms
scheme therefore yields higher allocated rate and improved & E%
video quality, saturating as the playout deadline exceeds %lo £10
1.0 second. Allocation from the other three media-unaware ° ©gigships Cyclists Harbor . Bigships Cyclists Harbor
schemes, in comparison, are not so responsive to changes il ;. Playout Deadline = 500 ms B 100 Y0U! Deadine =105
the playout deadlines of the video streams. ?; 5; o

Figures 20 and 21 compare the average packet delivery § o § o
delay and packet loss ratios due to late arrivals. Similar to Bigships Cyclists Harbor Bigships Cyclists Harbor
results in the previous section, the media-aware aft- H g ag00 o Deadine=20s Playout Deadiine = 5.0 s
optimal allocations achieve much lower packet deliveryage! > 100 ‘f;fﬂﬁ II II II‘
and loss ratios than the two AIMD-based heuristics. The g 2

performance gap increases as the playout deadline become. Bigships Cyclists Harbor Bigships Cyclists Harbor

more relaxed;) The packet. loss ratios are almost ”eg"g'@%. 20. Average packet delivery delays of each video stream for
(less than 0.1%) from media-aware allocation, and very ISmﬁiayout deadlines ranging from 200 ms to 5.0 s, with 20% bk
(less than 2.0%) from P-optimal control. In comparison, traffic load.

the packet loss ratios range between 16 - 45% for greedy
AIMD, and between 12 - 37% for rate proportional AIMD
allocation, far exceeding the tolerance level of videosstrig

‘ [[media—awarlll H~—opt Il greedyl RP‘

4 ’ - . ) Playout Deadline = 200 ms Playout Deadline = 300 ms
applications. Consequently, while the average receivddovi g% §50
quality of Bigshipsat playout deadline 300 ms is 34.0 dB and 8 8 i 0 0

1 - -
32.8 dB_ from the greedy and rate proportlonaI_AIMD s_chemes, O_JI_J._:..'Bigsmps Crisis Tiarbor O gigships Cyelists FHarbor
respectively, they are improved to 37.3 dB with media-aware Playout Deadline = 500 ms Playout Deadline = 1.0's
allocation, and to 36.0 dB with ¥M-optimal control. Similar g5 S
results are observed for other sequences with other playout 2 2 I Il Il
deadlines, as shown in Fig. 22. The improvement varies ~ O Gigships Gyclists Hawor ° Bigships Cyclists Harbor
between 3.3 - 10.7 dB in PSNR of the decoded video. The Playout Deadline = 2.0 s Playout Deadline = 5.0 s
lower packet delivery delays and packet loss ratios acHieve g° g
by the two proposed schemes also indicate that they are more g 2

-0

friendly to ongoing background traffic than the two AIMD- O Bigships Cyclists Harbor Bigships Cyclists Harbor
heuristics, by virtue of more mindful congestion avoidance

Fig. 21. Average packet loss ratios of each video stream for playout
deadlines ranging from 200 ms to 5.0 s, with 20% backgrouaificr
load.



11

101 b 10 10! 10
]
g 'p/k/&’_‘ g |mee—eo o g lett—e— | ] e —
5 s |W—a—3 = o, <
= 50 E 50 = 50 > 2 50
N N N N
= @®Etherne| = £ =
> #802.11 o =} - 1 =)
4-802.114
1 2 3 4 5 1 2 3 4 5 1 2 3. 4 5 0 1 2 3. 4
Playout Deadline (s) Playout Deadline (s) Playout Deadline (s) Playout Deadline (s)
2 2l 2 2
215 P 215 215 715
g 2 gwee—s s ' 2 jey—— 1
= 1d S * * <10 <10
Q ] ] o
& @ Bigship: & 5 & 5 K 5
5 = Cyclists
4 Harbor %
1 2 3 4 5 1 2 3. 4 5 1 2 3 4
1 p|ay02ut Deagnne (5)4 5 Playout Deadline (s) Playout Deadline (s) Playout Deadline (s)
=45 . 45 45 45
BY a3 g g 8
o o @
c 40 ) % 40 z 40 x 40
o g t—S %3 0 lgee—eo——9 D 5 I
2 35 e+ 4 23 1335"\'\_/'
3 @ Bigships S g E
§ 30 = Cybliste é 30 § 30 ‘,:::>'<‘: § 30
= 25 4Harbor o a} o y
1 2 3. 5 % 1 2 3 4 5 % 1 2 3 4 5 % 1 2 3 4
Playout Deadline (s) Playout Deadline (s) Playout Deadline (s) Playout Deadline (s)
(@) Media-Aware (b) H>-Optimal (c) Greedy AIMD (d) Rate Proportional

AIMD

Fig. 19. Comparison of aggregated network utilization over eackrfate and allocated rate of each stream, as the playoulinkeattreases
from 200 ms to 5.0 second. Background traffic load is 20%.

\DmEdia‘awafDH“—Opt.-greedy- RP\ reactively,after detection of packet drops or excessive delays.
= deadline = 200 ms = deadline = 300 ms The media—awarg approach further t.ak.es advantage of _'Explic
s s48 knowledge of video DR characteristics, thereby achieving
ggg %gg more balanced video quality and responding to more relaxed
& 25 Gigships Cyclists Harbor > Bigships Cyclists Harbor video playout deadli_ne by increasing network_utili_zatiqn. _

- deadline = 500 ms - deadline = 1.0's We beheye that this work hgs some mter_estlng implications
S 45 345 for the design of next generation networks in a heterogesieou
z égﬂﬂll H" H z %M"_DDIL multi-homed environment. Media-aware proactive ratecalo
€25 Bigohips Gyclits HD%C} €25 Bigships CyolistsHav o tion provides a novel framework for quality-of-service &o

deadline = 2.0 s deadline =5.0 s support. Instead of rigidly reserving the network resosrce
for each application flow in advance, the allocation can be
dynamically adapted to changes in network conditions and
Bigships Cyclists Harbor Bigships Cyclists Harbor media characteristics. As the proposed rate allocatioarsek
are distributed in nature, they can be easily integrated int
Fig. 22. Received video quality in PSNR digships Cyclistsand \jreless devices. Future extensions to the current worldiec
Harbor for playout deadlines ranging from 200 ms to 5.0 s, Wil egtigation of measures to best allocate network ressurc
20% background traffic load. . . . .
among different traffic types (e.g., web browsing vs. video
streaming) and to reconcile their different performancérice
VI. CONCLUSIONS (e.g., web page refresh time vS. video quality) as functais
their allocated rates. In addition, our system model can be
This paper addresses the problem of rate allocation amdnigther extended to incorporate other types of access mkswo
multiple video streams sharing multiple heterogeneoussscemploying resource provisioning or admission control.
networks. We present an analytical framework for optimtd ra
allocation based on observed network attributes (availafil
rates and round-trip times) and video distortion-rate (Dirjr-
acteristics, and investigate a suite of distributed rdtecation We now provide the FP-optimal control formulation for the
policies. Extensive simulation results demonstrate thah b general case of multiple access networks from the persgecti
the media-aware allocation and*Hoptimal control schemes of a single streans € S. For ease of notation, we drop the
outperform AIMD-based heuristics in achieving smallereratsuperscripts and definex := [z,], r := [r,], andu := [uy,]
fluctuations, lower packet delivery delays, significantl r for all n € A/. The counterpart of the system (18) and (19) is
duced packet loss ratios and improved received video gualigiven by:
The former benefit from proactive avoidance of network x=Ax+Bu+Dw 22)
congestion, whereas the latter adjust the allocated raths o r=-®r+u,

PSNR (dB)
NWWHh A
[6)(@]3)(w]é)]

PSNR (dB)
NWWHA NS
ool
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wherew := [w,] Vn. Here, the matricesl, B, and ® are
obtained simply by multiplying the identity matrix by, b,
and ¢, respectively.

Correspondingly, system output is:
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(11]

[12]

z := Hx + Gu, (23)

The matrix H represents the weight on the cost of deviation
from zero state, i.e. full network utilization. We can assu
that Q := H” H is positive definite, in that any non-zero de-
viation from full utilization leads to a positive cost. Likise, [14]
the matrix G represents the weight on the cost of deviation
from zero control, i.e., constant allocated rates. We assunms]
that GT G is positive definite, and that no cost is placed on
the product of control actions and statés” G = 0. [16]
The cost function is defined as:

L(x,u,w) =

: O
where ||z||? = fooo |z(t)|>dt and ||w|]? = f0°° |w(t)|?dt.
Again, one can define the worst possible value for cbst (18]
as~y*.

Similar to the solutions for the scalar system, we obtaifd]
the H>*-optimal linear feedback controller for the multiple
network case:

T n—1pT (20]
u=—(G'G)" B ¥,x. (25)

In (25), the matrix>, can be computed by solving the game
algebraic Ricatti equation (GARE): (21]

ATZ+7ZA-%(B(GTG) 'BT —42DDT)S+Q = 0. (26)

(23]

[24]

REFERENCES

[1] X.Zhu, P. Agrawal, J. P. Singh, T. Alpcan, and B. GirodatR allocation
for multi-user video streaming over heterogenous accessgonies,” in
Proc. ACM 15th international conference on Multimedk®07, pp. 37—
46.

[2] P. Vidales, J. Baliosion, J. Serrat, G. Mapp, F. Stejaaraj A. Hopper,
“Autonomic sytem for mobility support in 4G networks,” ItEEE
Journal on Selcted Areas in Communicatipwsl. 23, no. 12, Dec. 2005, [26]
pp. 2288-2304.

[3] “IEEE 802.21,"htt p: // ww. i eee802. or g/ 21/.

[4] A. Cuevas, J. |. Moreno, P. Vidales, and H. EinsiedlerhéTIMS

[25]

[27]

(5]

platform: A solution for next generation network operattysbe more
than bit pipes,” INEEE Communications Magazine, Issue on Advances
of Service Platform Technologiegol. 44, no. 8, Aug. 2006, pp. 75-81.
N. Thompson, G. He, and H. Luo, “Flow scheduling for erastimul-
tihoming,” in Proc. 25th IEEE International Conference on Computer

[28]

video transmission over ad hoc networkEUURASIP Journal of Signal
Processing: Image Communicatignsol. 20, no. 8, pp. 773-783, Sept.
2005.

S. Boyd and L. Vandenbergh€onvex Optimization United Kindom:
Cambridge University Press, 2004.

Communications, (INFOCOM'06Barcelona, Spain, Apr. 2006, pp. 1-[29]
12. [30]

[6] T. Basar and P. Bernhardii>>-Optimal Control and Related Mini-
max Design Problmes: A Dynamic Game AppraachBoston, MA:
Birkhauser, 1995.

[7] V. Jacobson, “Congestion avoidence and control,” Fmoc. SIG-
COMM’88, vol. 18, no. 4, Aug. 1988, pp. 314-329.

[8] “NS-2,” http://ww. i si.edu/ nsnani ns/.

[9] M. Allman, V. Paxson, and W. R. Steven§CP Congestion Control,
RFC 2581 Apr. 1999.

http://ww-iepm sl ac. st anf ord. edu/ t ool s/ abi ng/.

J. Navratil and R. L. Cottrell, “ABWE: A practical appzoh to available
bandwidth estimation,” ifProc. Passive and Active Measurement (PAM)
Workshop La Jolla, CA, U.S.A., 2003.

Advanced Video Coding for Generic Audiovisual servicesl-TTRec-
ommendation H.264 - ISO/IEC 14496-10(AVCJU-T and ISO/IEC
JTC 1, 2003.

“x.264," htt p: / / devel opers. vi deol an. or g/ x264. ht n .

(31]

[32]



