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Abstract—We address the problem of joint path selection of several available wireless services.
and rate allocation in multipath wireless streaming, in order However, the viability of a streaming application over
to optimize a media specific quality of service. We leverage patarogeneous wireless networks mostly depends on the ability
on the existence of multiple parallel wireless services, in order ) . . .
to enhance the received video quality at a wireless client. An to meet S”,'”ge”t QoS reqUIreme'nts, espemglly in terms of
optimization problem is proposed, which aims at minimizing a |0W transmission error, and sustained streaming rate. As the
video distortion metric based on sequence-dependent parameters,wireless services are still far from providing any widely de-
and transmission channel characteristics, for a given wireless ployed guarantee of service solution, efficient media streaming
network infrastructure. Even if joint optimal path selection and  gyrategies have to be devised to get the best out of the available
rate allocation is in general an NP complete problem, an in- - . -
depth analysis of the media distortion evolution allows to define network .InfrastrL'JCture. Lately, multipath streaming emerged
a low complexity optimal streaming strategy, under reasonable as a valid solution to overcome some of the lossy network
network assumptions. In particular, we show that a greedy path limitations [3], [4]. It allows for an increase in streaming
allocation of rates along paths with increasing error probability pandwidth, by balancing the load over multiple network paths
leads to an optimal solution. We argue that a network path penyveen the media server and the client. It also provides means

shall not be chosen for transmission, unless all other availablet limit ket | ffect h bined with ilient
paths with lower error probability have been chosen. Moreover, 0 limit packet loss efiects, when combined with error restiien

the chosen paths should be used at their maximum end-to-end Streaming strategies, and scalable encoding capabilities of the
bandwidth. These results are demonstrated for both independent latest encoding standards [5]—[8].

network paths, and non-disjoint channel segments, in generic  Most of the scientific work dedicated to multi-path stream-
network topologies. Simulation results show that the optimal ing focuses on the coding or scheduling processes, but gener-

rate allocation carefully trades off total encoding/transmission - . .
rate, with the end-to-end transmission error probability and ally not towards finding which paths should ideally be used for

the number of chosen paths. In many cases, the optimal rate the streaming application. Most of these works rely on classic
allocation provides more than 20% improvement in received routing algorithms that find the best path (or set of paths) given

video quality, compared to heuristic-based algorithms. some established network metrics. While this may be optimal
in terms of network utilization, it is certainly suboptimal from
a media streaming application viewpoint. In 30-80% of the
With the development of novel wireless technologies arghses, the best paths found by classic routing algorithms are
increasing available bandwidth, multimedia applications oveuboptimal from a media perspective [9].
wireless networks become attractive for both businesses an®ur work proposes to address the problem of streaming
end users. Fast deployment of Wi-Fi HotSpots, increase path allocation, which takes into account media aware metrics
wireless coverage of remote habitable areas (Wi-Max, or wirddring the decision process. The early work in [10] derives a
less mesh networks), improved data services over the 2G ceflew empirical rules on what paths should be considered by the
lar systems and the long awaited debut of 3G wireless servigtieaming application, based on experimental data. These rules
offer as many potential and inter-operable communicatia@onsider network metrics (e.g., available bandwidth, loss rate
solutions. Recent commercial products [1] offer transpareamnd hop distance), and other media aware metrics (e.g., link
data services by opportunistically switching the packet routijgintness/disjointness, video distortion). We provide a more
among multiple wireless services like UMTS, GPRS and Wgeneral framework for the analysis of joint path and rate
Fi. Service switching is performed by simultaneously probinallocation in multipath streaming, driven by media-specific
all available wireless services and by routing data through theetrics. We consider a network model composed of multiple
service that offers the best channel at a given time. Differeiidws, and a streaming server that can adapt the media source
research [2] proposes channel switching techniques in ad-lrate to the transmission conditions (by scalable coding, or
wireless networks with the final goal of increasing the overatlanscoding, for example). A generic video distortion metric
capacity and the maximum number of supported data flowsidt proposed, which encompasses both the source distortion
is only a question of time until commercial products will bémostly driven be the encoding rate), and the channel dis-
able to aggregate at one client the simultaneous performamagion, dependent on the packet loss probability.

I. INTRODUCTION



on multiple paths, simultaneously benefitting from multiple
wireless services. The media packets can be forwarded to the
wireless client with the help of base stations (in the case of
cellular wireless services), wireless access points (in the case
of wireless hot-spots), and/or other wireless nodes (in the case
of ad-hoc networks).

The available network between the sengeand the client
C'is modelled as a grap(V, E), whereV = {N,} is the set
of forwarding nodes in the network, atidis the set of links or
segments (see Figure 1). Each wireless llnk= (V;, N;) €

The optimal rate allocation problem is in general an NE connecting nodesV; and IV; has two associated positive
complete problem in generic network scenarios. However,Metrcs:
careful analysis of the video distortion evolution under com- « the available wireless channel capacity or bandwidth
mon wireless network assumptions, allows to derive a linear allocated to the streaming applicatidn, > 0 expressed
complexity algorithm for the joint optimal path selection, and  in some appropriate unit (e.g., kbps), and,
rate allocation. In other words, our main objective is to jointly « the average packet loss probability on the wireless chan-
find (i) the optimal encoding or streaming rate of a video nel p, € [0,1], related to an iid packet loss process,
stream so that the quality at receiver is maximized, and (i) assumed to be independent of the streaming’rate.
which network paths should be used for relaying the videoLet P = {Py,..., P,} denote the set of available loop-free
stream to the client. Interestingly enough, our conclusiopgiths between the servét and the clientC in G, with n
show that the answer to these two questions is representedt¥ total number of non-identical end-to-end paths. A path
a careful tradeoff among available network bandwidth (trang — (S,N;,Nj, ...,C) is defined as an ordered list of nodes
lated into video encoding rate), transmission loss process, affll their connecting links, such that, no node appears more
number of utilized paths. And, in contrary to the commonlyhan once, and that each link, between two consecutive
admitted opinion, flooding the network in using all the possiblgodes in the path belongs to the set of segméhtset further

Fig. 1. Large Scale Network with Overlay.

paths rarely provides an efficient strategy. b; andp; denote respectively the end-to-end bandwidth and
The main contributions of this paper can be briefly summipss probability of pathP;. We define the bandwidth of an
rized as follows: individual pathP; as the minimum of the bandwidths among

« We propose a general framework for media streamir@l links on the path (i.e., the “bottleneck bandwidth”). Hence,
analysis, which encompasses network and media awse have

metrics;
« We perform the first theoretical analysis on the optimality b; = Lmeil}a_(bu) : (1)
of number, and selection of network paths during the v _
streaming process; Under the commonly accepted assumption that the loss

« We provide a linear time media aware routing algorithRrOCess is independent on two consecutive segments, the end-

that outputs the optimal set of network paths to be usé@rend loss probability on pati¥; becomes a multiplicative
in the streaming process. function of the individual loss probabilities of all segments

The paper is organized as follows: Section I presen??mposmg the path. It can be written as:

the streaming framework and formulates our optimization

problem. The theoretical analysis of the streaming process pi=1- H (1 =pu) - @

is developed in Section lll. Section IV presents the routing Lueh

algorithm and Section V presents our main results. We presenPlease notice that our underlying assumption is that multiple
the related work in Section VI, and conclude the paper Miireless channels, that connect the same wireless client, can

Section VII. be used simultaneously in an independent fashion (e.g., the
available rate and loss process of one path is not influenced by
Il. DISTORTION OPTIMIZED MULTIPATH MEDIA the use of another path). This is true in the case of aggregating
STREAMING wireless services working in different spectrum ranges (e.g.
A. Multipath Network Model UMTS, GPRS and IEEE 802.11), or when the frequency of the

W . ic het twork infrastruct \‘y'reless channels gsed are well separated (e.g. 4 independent
€ consider a generic heterogeneous network infrastructy 5 nnels out of 13 in IEEE 802.11 in Europe and 3 out of 11

where multiple paths are available between the media server . o
and the client. A typical example of such a topology is redUtUSA)' Olirtxv ork can hfcl)wever bfe Shﬂ.h tlly m'od||f|ed tﬁ takel
resented by a wireless network, or an hybrid topology, Whei%o account the cross-influence or muitiple WIreless channeis

- . . .10 the same wireless client, as discussed later in this paper.
a wireless client accesses the media server through wirel sé pap
access_ points, qonneCted to the media server_\”a hlgh rate _“nkSNote that the available rate and loss probability of any network segment
The wireless clientC can aggregate the received informatioman be predicted in realtime by any network estimation mechanism [11].



In this network model, efficient streaming strategies have The packet loss probabilityr experienced by the media
to carefully allocate the rate between the different netwodpplication can be computed as the average of the loss
paths. The goal of the next sections is to get the best outmbbabilities of then paths:

the multipath network from a media-driven quality of service S pier

perspective. = % : (6)
i=1Ti

B. Media-Driven Quality of Service Recall however, that the above definition of streaming paths

The end-to-end distortion, as perceived by the media clieA@eS Not guarantee any two paths ihto be completely
can generally be computed as the sum of the source distortili§joint. Therefore 2 is a valid rate allocation on the network
and the channel distortion. In other words, the quality depen@&@PhG:, if and only if G’ can simultaneously accommodate the
on both the distortion due to a lossy encoding of the medi@tes on all paths iP. A necessary condition for the equality
information, and the distortion due to losses experienced ifh the right side of Eq. (5) to be verified requires therefore
the network. The source distortiaRg is mostly driven by that all bottleneck links of the: streaming paths are disjoint.
the encoding or streaming raf@, and the media Sequ(__,nCQSufficient conditions for valid rate allocation are analyzed in
content, whose characteristics influence the performancetl¢ next section.
the encoder (e.g., for the same bit rate, the more complex {he From Network Graph to Flow Tree

sequence, the lower the quality). The source distortion decay:?n order to study multipath rate allocation in the overlay

with increasing encoding rate; the decay is quite steep for low ,
. ) . . network, we first propose to represent the network graph
bit rate values, but it becomes very slow at high bit rate. The .
. . . ... as a flow tree. The media server becomes the root of the tree,

channel distortionD;, is dependent on the loss probability :
ar]d each flowF; represents the share of the overall media

m, and the sequence characteristics. It is roughly proportion S .
to the number of video entities (e.g., frames) that cannot ?eream, which is sent on a network path The media stream

decoded. The end-to-end distortion can thus be written as:'s the composition of individual medla. flows, and the client is

represented as a set of leaf nodes, with one leaf per flow. The
rate allocation therefore becomes a flow assignment problem.
D=Ds+Dy = f(Rm]I), ®) Considering that there is (at most) one flow for each network

wherel represents the set of parameters that describe f#f4h 7> we can transform the original network graghinto
media sequence. In low to medium bit rate video streamirf@,floW tree by duplicating any network edge and vertex that

appropriate for wireless transmissions, a commonly acceplgdShared by more than one network path, as represented in

model for the source rate distortion is a decaying exponentfdfuré 2. Since the transformation from paths to flows is
function on the encoding rate, while the channel distortion fiective, each flow is characterized by a maximal end-to-end

proportional to the number of lost packets (i.e., the paCk%t[reaming rate, and an end-to-end loss probability, as computed

loss probability, when the number of packet per frame 8 Section Il-A. The flow; on pathF; is using a streaming
independent of the bit rate) [12]. Hence, we can explicitlfAt€7i < bi with a loss probabilityp;.

formulate the distortion metric as: Due to t_he assumption of rate independent loss process, any
two flows in the tree are independent in terms of loss probabil-
D=a-Ri+3 4) ity. However, flows may be dependent in terms of aggregated

bandwidth, since they may share joint bottleneck links. The

wherea, 3 € Rt and ¢ € [-1,0] are parameters thatflow tree representation allows us to explicit the constraints
depend on the video sequendg, This distortion model is imposed on a valid rate allocation. These constraints are
a simple and general approximation that follows closely tHgposed by bandwidth limitation on the network links, and
behavior of more sophisticated distortion measures, suchfl@yv conservation in the network nodes. The necessary and
those proposed in [13], [14]. Since it is suitable for mogufficient conditions for the flow tree model to be a valid
common streaming strategies where the number of packet fepresentation of the original network graph can finally be
frame is independent of the encoding rate, we use the mogepuped into single flow, and multiple flow constraints, and
of Eqg. (4) in the remainder of that paper. expressed as:

The total streaming rat&, and the end-to-end loss proba- 1) Single Flow Constraints:
bility = directly depend on the path selection, and the rate « path bandwidth limitationst; < b;, VP, € P;

allocation. In the multipath scenario described before, the « flow conservation at intermediate nodes: for every
media application uses rate allocatiéh= [ry,...r,], where nodeN; € P;, ri" = r¢ut = r;, whereri™ andro*t
the rater;, with 0 < r; < b;, represents the streaming rate on are the incoming and respectively outgoing rates of
path P, € P. The total media streaming rafe is expressed F; passing through nod®;.
as: 2) Multiple Flow Constraints:

n n « link bandwidth limitations:

R=Y"r<Y b. (5) > ri<by, VL, € E;
i=1 i=1 Pi:L,€P;
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Fig. 2. Equivalent transformation between a network graph and a tree of paths between the server and the client.

« flow conservation at intermediate nodes: for everig provided for each of the theorems (please refer to [15] for

nodelN; € V: detailed proofs).
mo__ out __ i . . A
;Ti - ;Ti - ;n,VPZ +Nj € B 1. OPTIMAL FLOW RATE ALLOCATION

. . . A. lllustrative Example
D. Multipath Rate Allocation: Problem Formulation ) ) ) )
) Let us first take a simple example to illustrate the behavior
Now that the network model and rate constraints hayg i eng-to-end video distortion in a multipath scenario. We
been presented, we can formulate the optimized multipath raig,qijer a basic network scenario consisting of two disjoint

allocation problem as follows. Given the network graphthe network paths,P, and P,, with bandwidthb, — by —
optimization problem consists in jointly finding the OptimaHOOOkbps andlloss proba’bilitieg)l — 9% and py = 4%
streaming rate for the video sequence, along with the Optimr@.L,pectively. Consider two independent streafsand F»,
subset of network paths to be used for transmission, such tprﬁbersing the two network paths with streaming rates: b,
the en_d-to-end d|§tort|on is minimized. . andr, < by. The evolution of the distortion function given in
Equivalently, using the flow tree representation of the nek, - (4) is presented in Figure 3, for a test video sequence.
work graph proposed in Section II-C, the optimization problem s expected, we observe that the decrease in distortion
translates into finding the optimal rate allocation for each of larger if we increase the rate of flowF,, than if we
the flows in the tree, such that the video distortion is mimmiz%quivalently increase the rate of flofs. This b;ehavior is due
It can be enounced as follows: s to the lower loss probability that affects the path followed by
Multimedia Rate Allocation Problem (MMR) : Given the e fiow 7, . In the same time, we observe that the distortion
network graphG;, the number of different paths or flows qyic js always decreasing with the increasergfhence it

and the video sequence characteristiEs=( (a, 3,¢)). find s optimal to fully utilize the bandwidth of the path with the
the optimal rate allocatiori?* = [ry,...r,|* that minimizes gmallest loss probability.

the distortion metricD: More interestingly, Figure 4 shows that the behavior of the
distortion as a function of the rate, depends on the value
R = arg minD(ry, ...r) of the rater;. For high values of-;, the distortion can even
i increase with growing rate,. In other words, beyond a given

= arg mina-RE+3-7) @ value of the streaming rate on the most reliable network path,

B adding an extra flow can degrade the end-to-end quality of

n n the media application. In this case, the negative influence of
where R — Z” andr — 2iz1 Pi " Under (i) Single the error process on the second network path is greater than

im1 Doy T the improvement brought by additional streaming rate. Such
Flow Constraints and (ii) Multiple Flow Constraints, as defined behavior is the key to explain why using all the paths to
above. their full bandwidth does not necessarily result in an efficient

The solution of the optimization problem by integration oétreaming strategy.
the constraints into a Lagrangian formulation is not straight-
forward, mainly because of the non-convexity of the optimiz&2: Independent Paths
tion function, and of the numerous multiple flow constraints. We now generalize the previous observations, and derive
However, in the next section, we present a careful study thfeorems that guide the design of an optimal rate allocation
the distortion metric that leads to the definition of three mastrategy. This section shows that, in the optimal rate allocation
theorems, used to derived a low complexity rate allocatidretween independent paths, a flow is either used at its full
strategy. They show that it is always best to use first the néandwidth, or not used at all. Furthermore, the optimal rate
work paths with the lowest loss probability. In the same timaJlocation always chooses the lowest loss probability paths,
they show that there is a tradeoff between encoding souiice, a path cannot be selected, unless all other paths with a
rate (equivalent to the transmission rate in our scenario), alogver loss probability have been picked before. We start from
the loss process that affects the transmission. A short intuitian ideal streaming scenario with fully disjoint network paths,
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and eventually add flow constraints, which are however shownFor bounded intervals for all rateg, 2"~ computations are
not to affect the initial findings. sufficient for finding the optimal solution vector. For practical
Assume that the: disjoint network paths are representegcenarios, with a limited number of available network paths,
into a tree of flows as explained in Section 1I-C. Without losketween a server and a client, this number of computations
of generality, we further assume that flowswith 1 < i < n, is in general quite low. We can however further constrain the
are arranged in increasing order of the loss probability, i.egarch space by considering that the optimal rate allocation
p1 < p2 < ... < p,. We note that, from the distortion metricalways uses first the network paths with the smallest loss
point of view, any two flowsF; and F;, traversing pathg’; probabilities.
andP; with the same loss probabilify, = p;, can be observed Theorem 2 (Parameter Decouplingiziven a flow tree
as a single flow affected by the same loss probabhjlityand with independent flowsF; having ratesr; € [0,b;] and a
having an aggregated rate+r;. Under these generic settingsdistortion metric as defined in Eq. (4), the structure of the
we first claim that the optimal rate allocation either uses @ptimal rate allocation i®* = [1,1,...,1,0,0,...0].
network path to its full bandwidth, or does not use it at all.  Intuitively, this theorem translates into the fact that starting
Theorem 1 (On-Off Flows)Given a flow tree with inde- from an initial rate allocation on the available network paths, in
pendent flowsF; having ratesr; € [0,b;] and a distortion terms of distortion you can always obtain a better allocation by
metric as defined in Eq. (4), the optimal solution of the MMRransferring transmission rates to paths characterized by lower
problem when all the paths are disjoint, lies at the margins lgiss probabilities.
the value intervals for alt;, i.e., the optimal value of; is The previous theorems, show that we can find the optimal
eitherO or b;, Vi : 1 <i < n. solution for our optimization problem by iteratively searching
Corollary 1: Given a flow tree with independent flows; all available network pathg’, taken in ascending order of
having rates-; € [0,b;] and a distortion metric as defined intheir loss probabilityp;. Once we find a network path that
Eq. (4), the optimal solution of the MMR problem when alcan improve the overall distortion result, before using it,
paths are disjoint, allocates = b;, where the pattP, is the we have to make sure that all other network paths with
path with the lowest loss probability. better loss parameters are already used to their maximum
Intuitively, the previous theorem can be justified by the fa@vailable bandwidth. Hence, the search space is reduced to
that the total media distortion introduced by the losses onnacomputations (i.e., the complexity increases linearly with
given network path does not depend on the transmission rdte@ number of flows).
on that path. Hence, since the source distortion decreases with L
increased transmission rate, it is always best to fully utilize ttfe Non-Disjoint Network Paths
capacity of a transmission path. We now show that, relaxing the assumption on disjoint
Theorem 1 greatly reduces the search space for an optimatwork paths in the original network graph does not change
solution for the MMR optimization problem. Hence we carthe general form of the optimal solution. We assume that in
rewrite the optimal streaming solution as a veckasf boolean the original network graplds, there is at least one bottleneck
valuesg; for each flowF;, where¢; = 1 means that patt#;, link L,, shared by at least two distinct network paths. Let
is used with full rater; = b;, and¢; = 0 denotes that the P, = {P;}, Vk : L, € Py, be the set of paths sharing
path P; is not used by the streaming application. The previodke bottleneck linkL,,. In this particular case, while using
corollary further says tha® = [¢p; = 1, ¢o, ..., ¢,,] IS part of any of the pathsP, alone will yield an available bandwidth
the optimal solution. b < by, using all of them in the same time will yield an



aggregated bandwidth, < », b,. Note thatL, may, or The search for an optimal solution of the shape given by
may not be a bottleneck link for any of the patRs, treated Theorem 2 is performed then iteratively. Indeed, the analysis
independently. PathB, are called “joint paths”. The following proposed in Section Il shows that a simple algorithm can find
theorem regulates the sharing of bandwidthamong paths the optimal rate allocation by parsing all available network
Py: paths in ascending order of their loss probability. Denibte=
Theorem 3 (Bottleneck Bandwidth Sharing)et L, be a [¢1,...,¢,] a solution vector withp; =1, Vj < i and¢; =0
bottleneck link for the set of path®, = {P:} in G, the ¢
bottleneck link bandwidtly,, shall be shared among patks
. . ; —1
in a greedy way, starting with the path affected by the IOwel‘ﬂe first ¢ flows, wﬁose individual rates have been chosen
loss probablllty. . according to Corollary 2. The overall loss probability of the
This theorem can be proved by a similar argument to the Zi- DT
ones used in the previous ones. Note that Theorem 3 dast i flows, 7(®;), is then given byr(®;) = %
easily be extended to any number of bottleneck links in ) ] . D=1
G(V,E), and to paths that belong to different sg&g in The Search Algorithm iteratively computéz(l_{(@i_),w(@i)),_
the same time. Theorem 3 allows to extend Theorem 2 f@f 1 < i < n, and the optimal rate allocation is the policy
generic network graphs, with potentially non-disjoint path&™ that minimizes the distortion metric:
It results in the general rule that paths should be taken in )
the increasing order of their loss probability, and that all ®* = arg minD(R(®;), 7(P;)) (8)

the flows should be used to their maximum capacity, which Pitsisn .
can be limited by joint bottleneck links, before considering When the algorithm finishes the search of all flows, it stops

an additional flow. Interestingly, any network scenario cap'd outputs the optimal multipath rate allocation strategy.

thus be transformed into a disjoint flow tree, by a greedydorithm 1 proposes a sketch of the rate allocation al-
allocation of joint bottleneck bandwidths to flows affecte@°rithm.

by lower loss probabilities first. After this transformation;

applying Theorem 1 and Theorem 2 will yield the optima’ﬁlglont?m 1 Optimal Streaming Rate Allocation
. . . . nput:
rate allocation for the given streaming scenario. 2 sgrvers, Client C, Available Network Topology(V, E);

We can further relax the assumption of independent flows output:

in Theorem 1, by proper adaptation of the maximal bandwidtA: ﬁﬁitgﬁ‘gtiﬁe Allocation Policyb™;

of all non-d|SJO|nF paths. ) ) ) 6: Initial Rate Allocation® = [¢1, ¢2,...¢n] = [1,0,...,0], according to
Corollary 2: Given a generic flow tree witlf; ordered in Theorem 1;

increasing order of their loss probability, and having rates C9mpute the set of available path% € P, with their individualb; and
r; € [0,b;], and a distortion metric as defined in Eqg. (4).g. %,’Ocedure RateAllocation

the optimal solution of the MMR problem lies at the margins Decouple joint paths according to Theorem 3;

of the value intervals for all:. i.e.. the optimal value of 10: Arrange the network paths is ascending order of their loss probabilities
wroen p; and construct the Flow Tree;

otherwise. R(®;) = > r; becomes the cumulative rate of

r; Vi : 1 < i < n,is either0 or b, = min(b;, w;), where for i — 1 to n do
w; = min {bu — Z 2} 12:  ComputeD(®;), where®; represents a rate allocation with the first
w:Ly, €P; ¢ flows used at their maximum bandwidth, and the other flows are
k:L,€P, andp,<p; . omitted;
Interested readers are referred to [15] for detailed proofs of end for
the theorems presented above. 14: Output®* = @argll<m<in D(R(®;), m(®4));

IV. LINEAR COMPLEXITY RATE ALLOCATION

ALGORITHM During the initialization processAlgorithm 1 must

compute all available paths between the streaming se¥ver

This section presents a simple algorithm that computaad the clientC. This is a well-known problem in graph
the optimal rate allocation for the optimization problem. Thteheory, and a solution can be easily found by implementing
previous theorems represent the keys for a fast search throagtiepth-first search{F'S) [16], for example. The algorithm
the flow tree. Assume that the sever knows, or can prediben arranges the discovered network paths as a flow tree in
the parameters of the intermediate network links, and tlecending order of their end-to-end loss probabilities. Any
sequence-dependent distortion parameters. The encoding satging algorithm of complexityO(nlog(n)) can be used.
can be adapted at the server by adaptive or scalable encodifter the flow tree is constructed, the core of the algorithm
or transcoding. Initially, the network graph is transformed intfinds the optimal rate allocation with a complexify(n).
a tree of flowsF;, sorted along increasing values of the loss Notice that the possible influences on rate and loss process
probabilities p;, with greedy assignment of joint bottleneckamong different simultaneously used network paths are not
link bandwidths. In case where two network paths have thaken into account in the presented algorithm. However, on
same end-to-end loss probability, they are considered asueh network scenarios, the locality information for the wire-
single path with aggregated bandwidth. less nodes, along with a model for the influence on the total



60 . : 120
b Theoretical *
551 *  Experimental | | 110F 1
sol 100+
o o oot
0 45} 2}
s z 4
S “0f S
35+
a A 6ok . ¥ R =256 kbps, Exp.
F - —
0l L4 —— R =256 kbps, Th.
50 .74 + R =384kbps, Exp.
o5l £ bt - - = R=384kbps, Th.
40 O R=512kbps, Exp.
R=512 kbps, Th.
20, : 30 : : :
2 3 0005 001 0015 002 0025 003 0035 004

a5 6 71
Encoding Rate (bps)

(a) Encoding Rate Distortion Validation

Error Probability PLR

(b) Loss Distortion

Validation

Fig. 5. Distortion Model Validation with Video Streaming Experiments using the H264 encoder.

available rate and loss process of multiple used transmission

paths, can be easily factored in during the rate allocation

TABLE |

PARAMETERS FORRANDOM GRAPH GENERATION

decision process [ Parameter | Wireless Scenarig
' Nr. of Nodes 10
V. S|MULAT|ON RESULTS Connectivity Probabilityy 0.6
. . Rin 10°bps
A. Simulation Setup Romaz 7 - 105bps
. . . . . . —3
We test our optimal rate allocation algorithm in different ﬁig"m 41?0_2

random wireless network scenarios, and we compare its per-
formance to heuristic rate allocation algorithms. We use an
H.264 encoder, and the decoder implements a simple framei . . .

n order to validate the loss distortion componebt,,

repetition error concealment strategy in case of packet loﬁghdom errors are introduced during the network transmission
We concatenated th¢oreman_cif sequence to produce a 9

3000 frame-long video stream, encoded at 30 frames r?épceiﬁitwgirz eggh pl)atg:ket 's lost V\?th andlnqtehp%r)f?ent Itoss
second. The encoded bitstream is packetized intoasequenc@? a ”fyl ' bml]al'Jl'? lons ?jred_]?fer ortme V(\;'_ |terenW
network packets, each packet containing information related P 1S Of 0SS probabrlilies, and diitérent encoding rates. Ve

one video frame. The packets are sent through the network erve in Figure S(b). that the theoretical model CI.Oser
the chosen paths, in a FIFO order, following a simple earlieﬁpproxmates the experimental data, where each experimental

transmission-time-first scheduling algorithm. We further cor?—Olnt is averaged over 10 simulation runs. Even if it stays

sider a typical video-on-demand’¢D) streaming scenario quite simple, the distortion model used in our work closely fits

where the admissible playback delay is large enough (lar p average behavior of lossy video streaming scenz_irios. Note
than the time to transmit the biggest packet on the lowe It the sequence-dependent parameters may obviously have

bandwidth path). Hence, a video packet is correctly decod Ifferent values for other encoders or other video sequences.
at the client, unless it is lost during transmission due to th € e\{olutlon of the distortion function however stays the
errors on the network links. same, independently of the exact values of these parameters,

Our simulations first validate the distortion metric propose\'(sfhICh could even be fixed for a given class of video sequences.

in Eq. (4). Then, the performance of our optimal rate allocatiqR Optimal Rate Allocation Algorithm Performance
algorithm is compared to heuristic rate allocation algorithms,

on a set of random network topologies.

B. Distortion Model Validation scenarios (Figure 6).

The video sequence is encoded at rates betv2@éhbps We generate 500 random graphs, where any two nodes
and 1Mbps, and the mean-square-erraV/GE) between the are directly connected with a probability. The parameters
original sequence and the decoded one is computed, in erfor- each edge are randomly chosen according to a normal
free scenario. Simulation results are compared in Figure 5(a)distribution, in the interva[R,,,in, Rimaz], for the bandwidth,
the distortion model values, whose parameters have been setnd respectively{p.in, Pmaz] for the loss probability. The
a=1.7674-10°, £ = —0.65848, and3 = 1750, respectively. parameters for the wireless scenario used in our paper are
We observe that the theoretical distortion curve closely followsesented in Table I.
the experimental data, which validates the theoretical modelFor each of the simulated random topologies, we compute
for the source distortion part. the end-to-end media distortion when rates are optimally

We now present the performance of the proposed optimal
rate allocation algorithm, in various random wireless network
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TABLE I
AVERAGE DISTORTION RESULTS (M SE) 04

[ Wireless Setup

l Scenario[ Dopt [ DPLR [ DR [ D2R [ DILIF l 0.351
[ Wireless | 91.2 | 99.74 | 122.861] 143.79] 108.52

o
N
a

allocated, and we compare it to the results obtained by other
simple rate allocation algorithms, namely, (i) a single path
transmission scenario, which selects the best path in terms
of loss probability, Dprr), (i) a single path transmission
scenario, which uses the best path in terms of effective ’_"
bandwidth or “goodput” computed &s (1 —p;), (Dg), (iii) a o ) 3 4 Sormos
multipath transmission scenario that picks the best two paths Number of Paths Used

in terms of goodput, D> r), and (iv) a multipath transmission
scenario that uses the maximum number of available flows,
(Dpr). The results, in terms o/ SE, averaged over 500

random graphs are prese.nted n Tgble . Finally, it is interesting to observe that the rate allocations

. As expected, our algo_nthm prowdes_the best performanggsed on the best goodput path, and best two goodput paths
in average over all considered topologies. It has to be nmﬁ%orithms provide in average the worst results.

that, in each individual simulation run, our algorithm never \ya 4150 compute the optimal average number of flows
performs worse than any of the heuristic schemes. Als0, Weaq in each simulation scenario, compared to the average
observe that the rate allocation that is the closest to the optimalper of available paths. We observe that from an average

strategy is the one offered by the use of the best single P,y ailable paths of 5.04, the optimal rate allocation uses no
in terms of loss rate. This can be explained by the high,.a than 2.04 paths.

loss probabilities of the intermediate links, which cannot be .o the multipath streaming point of view, it interestingly
compensated by extra rate added by subsequent flows. TRe\s that, using a very large number of streaming paths does
total average streaming rate over the 500 simulation runsyi; contribute to an improvement of the video quality at the
R = 450kbps. receiver. The distribution of the number of flows used per
Next, we study the benefit offered by optimal rate allocatiogjmyiation run, is presented in more details in Figure 8.
as compared to the simple heuristic schemes. The relevancg, summary, we observe that a small number of transmission
of the optimal solution is measured by counting the numbgpys is sufficient for an optimal video quality at the receiver,
of simulation runs in which the optimal rate allocation bringg, 3| simulation scenarios. Paths with lower error probability

an improvement of0 — 5%), [5 — 10%), [10 — 20%) and  should be preferred to higher bandwidth paths in almost all
above20%, in terms of end-to-end video distortion, comparedijmulated wireless scenarios.

to the other streaming strategies. The results are presented in
Figure 7. VI. RELATED WORK

As expected, we observe that the best approximation isThe research community has recently started to investigate
presented in most of the cases by the lowest loss probabilite idea of multipath routing and streaming in order to improve
path streaming. Still, in almost 40% of the simulation runshe QoS of media applications. The authors of [17] present
the optimal rate allocation improves the distortion result by distance-vector algorithm for finding multiple paths, while
more than 10%. the authors of [18] present a multipath extension of Direct

Fraction of Cases
s o
(%2 N

=}
[

=3
=}
a

Fig. 8. Distribution of Optimal Number of Paths.



Source Routing for wireless ad-hoc environments. The purpaseto reduce the impact of frequent transmission errors. Even if
of the algorithms is to achieve load balancing over multiplee also consider here wireless or hybrid streaming scenarios,
paths, and to simultaneously minimize delays. The problemwe are interested in finding the optimal set of paths from an
finding disjoint paths in cost networks is further addressed media application perspective. Available network resources are
[19]. The authors formulate an NP complete min-min problerased in order to ensure the best possible transmission quality
important for the survivability of a network in case of linkin terms of received video.
failures. Similarly, the authors of [20] formulate in Linear Flow assignment problems have been addressed in [31]
Programming the constrained multipath-routing problem, witind [32]. The authors of the first paper are concerned with
the objective of minimizing the maximum link utilization, optimally splitting the data on multiple disjoint paths in order
under multiple constraints. Disadvantages of mutipath routing, avoid packet re-sequencing at the client. The second paper
in terms of network destabilization, are examined in [21]. presents an algorithm that minimizes the end-to-end delay
While all these works give a detailed analysis of thef data transmission while complying with an aggregated
multipath routing problem from a networking point of viewbandwidth constraint. The algorithm is optimal only in the
we rather address the problem from a media applicatigase of unit capacity links and disjoint paths. Our flow problem
perspective. The process of choosing the paths for transmissigrmulation is general and deals with both joint and disjoint
and their respective rate allocation is subordinated to achievipgths. We show that, from the media application point of
a better streaming experience, measured in terms of vidgew, an optimal flow allocation is achievable in any network
distortion. The work presented in [22] addresses a similgtenario, by joint optimization of the number of paths used,
problem of choosing the best path from a media perspectieid the aggregated rate of the flows.
However, the authors only address the question of path switchfinally, the multipath problem is specifically addressed in
ing efficiency from the media application point of view, andhe case of media streaming in [33]. The authors present a
do not investigate the benefits of multipath streaming. FEC scheme combined with server diversity and a packet
More generally, routing with multiple metrics is the targegcheduling mechanism, which intends to minimize the cumu-
of many works in QoS routing. But QoS routing with multipleiative distortion of individual erroneous video packets. Our
constraints is, in general, an NP complete problem. An initigjork focuses on a non-multicast communication scenario, with
proof, for the case of at least two additive metrics is givesn intermediate network comprising multiple available trans-
in [23]. The authors propose heuristic algorithms for botission paths. Multi-stream coding, combined with multipath
source routing, and hop-by-hop routing, which find one patfansmission, has been presented in [34] as a solution to fight
satisfying the QoS requirements of multimedia applicationggainst network errors in an ad-hoc network environment.
Recent works in multi-constrained routing optimize a lineah the same time, the authors of [35] analyze a multiple
[24], or non-linear [25] relation between constraints, usingath streaming scenario for the transmission of a video
low complexity algorithms. A similar function, built on mul- sequences encoded in multiple descriptions. They minimize
tiple path metrics is used in [26] to find multiple networkan additive distortion metric, computed as the sum of the
paths for streaming. Several other works also express ffglividual distortions of each of the independent descriptions.
multi-constrained path problem (MCP) in an NP completeor complexity reasons, their analysis is reduced to a scenario
formulation, and use fast searching algorithms, e.g., taltbmprising two encoded descriptions and two transmission
search, to find a locally optimal solution [27]. In these worksyaths. In our work we rather address the questions of how
polynomial time algorithms based on heuristics are proposgfhny transmission paths to use, and how to chose them, in
to provide a general sub-optimal solution to the NP compleggder to maximize the efficiency of the streaming application.
QoS routing problem. Our streaming framework is more general, and applicable to
In contrary to common QoS routing problems, we proposgy streaming scenario that obeys an additive rule for the
a media-specific distortion metric, which comprises multiplgggregated transmitted rate and loss process. The proposed
network link parameters together with media aware paramgigorithm finds the optimal transmission strategy and encoding
ters. The metric describes the quality of the received vide@ie, based just on the available network topology, and video
as a function of the specific network scenario and streamiggquence dependent parameters.
process. The optimization of the end-to-end distortion trans-
lates into choosing the best set of paths, and the respective op- VIl. CONCLUSIONS
timal rate allocation. Classical optimization methods however
fail to obtain a simple solution due to the non-convexity of the In this paper, we propose to use a flow model to analyze
optimization function. An in-depth analysis of the behavior ahe opportunity of multipath media streaming over wireless
this metric however allows to derive a simple algorithm thatetworks. Based on an equivalent transformation between
achieves the optimal solution in linear time. the available network graph and a tree of flows, we jointly
In parallel, exploiting diversity in wireless ad-hoc or celluladetermine the network paths, and the optimal rate allocation
networks has been addressed in [28], [29] and [30]. THer generic streaming scenarios. A media specific performance
main purpose of the works is to reduce routing over-head, mretric is used, which takes into account the end-to-end net-
increase the survivability and power efficiency of the networkyork path parameters along with media aware parameters.



An in-depth analysis of the end-to-end distortion behavidn4] K. Stuhimuller, N. Farber, M. Link, and B. Girod, “Analysis of video
under specific wireless network assumptions, drives the design

of a linear time algorithm for optimal rate allocation, whict);5

is in general an NP complete problem. The form of the
optimal rate allocation solution follows a simple greedy rulE-]
that always uses the paths with the lowest loss probabili
first. In particular, we show that extra network paths are either
used at their maximum available bandwidth, if their value &8l
large enough, or simply ignored. The overall rate allocation
solution offers a careful trade-off between extra transmissiqirg]

rate and increase in the end-to-end error process. Even for
large network scenarios, only a small number of paths sho

optimally be used for transmission, taken from the lowest loss
probability channels.

The optimal rate allocation algorithm has been tested ﬁznl]
various random network scenarios, and it significantly out-
performs simpler schemes based on heuristic rate allocatlé#l

strategies. In many cases, our algorithm even provides

end-to-end distortion improvement of more than 20%. Due to
its low complexity, and important benefits in most streamin

scenarios, the optimal rate allocation algorithm provides a v

4
ry]

interesting solution to efficient media streaming over resource-

constrained networks.
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