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Low-Latency Video Streaming with Congestion
Control in Mobile Ad-Hoc Networks

Claudio GrecoMember, IEEE, Marco CagnazzoSenior Member, IEEE, and Béatrice Pesquet-Popesg&enior
Member, |EEE

Abstract— In this paper, we address the challenge of delivering in N independent streams, referred to descriptions. Each
a video stream, encoded with multiple descriptions, in a make  description can be decoded independently from the others,
ad-hoc environment with low-latency constraints. This kird of and each further description improves the quality of the re-

application is meant to provide an efficient and reliable vicco . L 4
communication tool in scenarios where the deployment of an constructed signal. When aN' descriptions are available, the

infrastructure is not feasible, such as military and disaser relief highest quality is attained. Several MDC techniques haeabe
applications. First, we present a recently proposed protan that proposed, in particular for video [5]. A first class of sotuts,
employs a reliable form of one-hop broadcast to build an effient  called channel splitting techniques, are based on a suitable
overlay network according to a multi-objective function that sampling of the original signake@., temporal sampling: odd

minimises the number of packets injected in the network and . . . o . .
to maximises the path diversity among descriptions. Then, & Mages are encoded in the first description and even images in

introduce the main contribution of this article: a cross-layer the second one) and an associated method for recovering miss
congestion control strategy where the MAC layer is video-ading  ing samples [6, 7]; other techniques include non-conveatio
aware and adjusts its transmission parameters (namely, the quantisers [8, 9], progressive coding with unequal protec-
RTS retry limit) via congestion/distortion optimisation. The main tion [10], redundant and correlating transforms [11] (whic

challenge in this approach is providing a reliable estimatn of . - .
congestion and distortion, given the limited information available enable scalability in the case of wavelets [12]), or insertof

at each node. Our simulations show that, if a stringent consaint ~ rédundant pictures to reduce error propagation [13]. Hewev
of low delay is imposed, our technique grants a consistent ga we refer the reader to the excellent survey papers by Goyal [4
in terms both of both PSNR and delay reduction, for bitrates b and by Wangget al. [5] for further information.
to a few megabits per second. MDC can be used to improve robustness in video diffusion
Index Terms—Congestion-Distortion Model, Cooperative Sys- over a MANET by sending each description on a different
tems, Cross-layer Design, Mobile Ad-Hoc Networks, Multipt  and independent (logical or physical) channel. If at least o
Description Coding, Multimedia Communication. description is received, it can be decoded by a so-calidel
decoder, producing a relatively low-quality version of the
|. INTRODUCTION original signal. If more descriptions (or all of them) are re

. . . ceived, they are jointly decoded by a so calbedtral decoder,
A mo_blle ac_i—hoc network (MANET) IS a_dynam|c netwo.rkachieving a higher quality. For the sake of completeness, it
of mobile devices connected by wireless links, self-orgedi

in a mesh topology [1, 2]. MANETS offer a set of propertiegnUSt be said that MDC is not the only technique used to adapt

o a video stream to a lossy channel: alternatives includeseros
— flexibility, ease of deployment, robustnests, — that makes y

. . . . L layer overlay construction with hierarchical video codjihd],
them appealing in environments without preexisting infras Y Y [ag]

. L o joint use of scalable coding and advanced forward error
tructure. Possible applications range from crisis managgm .
: o . . correction codes such as Raptor codes [15], or, more rgcentl
service, such as military and rescue operati@ts, (to provide

. . s . Network Coding (NC) [16, 17]. We notice that NC can be
battlefield awareness and data dissemination), to business | - I, ; S .

: . . ] used in addition to multiple description coding (see Sec. V)
environments, such as video conferencing outside the office

. ) . . . As for the problem of streaming multimedia content in
(e.g., to brief clients on a given assignment), to recreatlonFA
i

. . ANETS, the literature provides a fair number of solu-
contexts €.g., to allow user to view a live stream of an even . L .
) . . . tions.Studies on optimisation of content delivery on MANET
they are attending). In all these scenarios, real-time ovide

streaming is an application of major interest [3] Showed that structured protocols.e., protocols that construct
9 P ! ' .and maintain an overlay, such as Chord [18] — have a reduced

Thlg b(ihalle?ge kOf dell\éerlng rﬁ}kﬂ?‘? V|deob S”if"’.‘“f‘s t'IHeIay and a better scalability, but a decreased resilieificy,
unretiable hetworks, such as a  can be eflicien é(ompared to unstructured protocols such as Gnutella [19].
addressed by ensuring a partial loss resiliency with Midtip

- ) . tructured protocols are more effective, but their perfomoe
Description Coding (MDC) [4]. In MDC, the source agnaﬁ grades in more dynamic networks [20], which prevents

(be it an image, a video, or an audio signal) is encod? eresting applications such as battlefield awarenesscesy
Copyright (¢) 2012 IEEE. Personal use of this material ismjwed. ©OUt-Of-office client briefing, or live delivery of specialdtires
However, permission to use this material for any other psegpomust be at music or sport events. To overcome the limits of struc-
obtained from the IEEE by sending a request to pubs-peroms&ieee.ord. tyred protocols in MANETS, we moved towards a cross-layer
Authors are with Institut Mines-TELECOM, TELECOM-Parigte . . . .
CNRS LTCI, 46 rue Barrault, F-75634 Paris, FRANCE. E-maiP@radigm, which has been pointed out as a needed shift of

{greco,cagnazzo,pesqu@telecom-paristech.fr. perspective in protocol design for wireless transmissiit.|



In this spirit, we recently proposed [22] a novel protocolMoreover, our work focuses on spontaneous multi-hop net-
A Broadcast Content Delivery Protocol (ABCD), inherently works, wherein the video source is unable to collect in adean
designed for the MDC ad-hoc wireless case, exploiting theformation about the number and the features of the nodes
natural broadcast property of the medium in a cross-layeregtjuiring the stream, and thus solves a class of problems
fashion. In most scenarios, ABCD performs well in terms dfifferent from those solved by rate-less codes. However, th
availability, robustness, scalability, and presents a bwd two methods are not incompatible: if the MDC stream is also
stable latency. However, in large dense networks it is nstalable, a technique of unequal loss protection via glidin
able to abide by a stringent low-delay requirement. This window Raptor codes [30] could be integrated in the per-
a common problem in the context of video streaming ovéop transmission of nodes, providing resiliency to fading a
MANETS, due to the fact that, even under optimal assignmestiadowing.
of transmission ranges and traffic patterns, the througbput The main contribution of this work is a CoDiO framework
each node in a wireless network diminishes to zero as thased on a distributed estimation of both the network tagpglo
number of users is increased [23]. in order to capture the multiple paths that a video packet may

In this work, we propose a congestion control framework fdollow, and the channel conditions, in order to estimate the
real-time multiple description video multicast over MANET effects on end-to-end delay. This information is propagjate
This framework includes models for congestion and digtarti an efficient and compact way through the network, leading to
that take into account both the video stream coding stractigignificant improvements in terms of both delay and objectiv
and the unavoidable redundancy of the overlay networks alvideo quality, as demonstrated by the simulations.
provides the MAC layer with video-coding awareness, thus The reminder of this paper is organised as follows: in
making possible to perform an optimisation of congestioth arSec. 1l, we resume the ABCD protocol, while in Sec. lII,
distortion. This framework can be integrated into any tregve describe the proposed CoDiO approach. Sec. IV presents
based video streaming protocol for MANETS to improve itsur experimental setup and the simulation results. Fipaily
performance; we show here that, if integrated into the ABCBec. V, general observations and an outlook on future work
protocol, it attains a significant reduction of both averémesr are given.
time and nodes) and maximum end-to-end delay, maintaining
a delivery rate close ta@00 %.

As we write, several solutions for video streaming over ad-
hoc networks have begun to appeag,, based on centralised The ABCD protocol [22, 31] was introduced to enable
overlay construction supervised by the video source [24], the construction of an overlay network composed /&f
on simple loss-distortion models for one-to-one commurdpplication-level multicast trees, one for each desaipti
cation [25]. However, our technique still distinguisheself Our system consists in a multitude of mobile nodes con-
from the others on some unique features. First, the apjaitatnected by wireless links in a mesh topology; the nodes
driven broadcast reservation, which allows the explaitatf are placed randomly in a fixed-size playground, and free to
the broadcast medium properties in an efficient way for onstove within it. Since our application is aimed at military
to-many applications. Moreover, ABCD forms its indepertdeland rescue operations, we assume that the nodes move at
multicast trees in a distributed fashion. Finally, our sroswalking/running speedi.e, around5m/s. Also, nodes can
layered congestion control technique, wherein optimisati connect and disconnect abruptly. The application aims at
is both application and network aware, includes a distortialelivering a video stream — available at a pre-selected node
model that takes into account both the coding structure afsburce) — to the remaining nodes in the netwopegrs), and
the estimated number of nodes affected by a loss. The ideanofother significant traffic is present on the MANET. The goal
congestion-distortion optimisation (CoDiO) in video stne- of the protocol is to produce an overlay that is efficient and
ing, as opposed to the traditional rate-distortion optatics, robust. Efficient here means that the stream is delivered to
was introduced to model the effects that self-inflicted mekw all nodes with the minimum use of resources; robust, that
congestion has on video quality [26]. The scenario was adwiréhe overlay is not severely affected by burst packet losses,
network where each node is connected to the video sourcedue to collisions, mobility, or abrupt disconnection of eed
a succession of high-bandwidth shared links and termigatilt is understood that each node aims at receiving as many
with a bottleneck on the last hop; the case of unicast stregmidescriptions as possible, in order to maximise its videdityua
over MANETs was considered some time later [27], but tHBuilding and maintaining an overlay inevitably requirestth
model provided neither an on-line estimation of the network number of packets is exchanged; in order to reduce this
conditions, nor a viable extension for multicast streaming number, nodes have to gather information without making

The ABCD protocol shares some key design principleaxplicit requests, by inferring as much as possible from any
with real-time peer-to-peer protocols for video streamamy packet they received.
mesh networks, such as VidTorrent [28] and its more scal-We exploit the fact that the wireless medium is inherently
able evolution SEACAST [29]. In fact, ABCD also aims tdbroadcast, hence each node can intercept any packet sent
provide an adaptive self-repairing overlay forest, consglosf within its transmission area, as long as it does not collide.
independent trees each carrying a description of the stredafowever, using the wireless channel as a broadcast medium
The wireless scenario, however, presents a different setaoinflicts with the fact that the 802.11 MAC layer was mainly
challenges, such as the increased need for decentratisati®esigned for one-to-one communications, while its suppbrt

II. THE ABCD PROTOCOL



one-to-many communication is known to be unreliable and ias the source’shildren — keep sending periodical attachment
efficient [32]. To overcome this difficulty, we provided ABCDmessages to theparent (the source) in order to keep it active:
with a modified MAC layer, better suited to our purposeshe source deactivates when nodes turn off or get out-agfean
namely, we implemented a form of application-driven rdikab Each node that is not in the source’s neighbourhood, but that
broadcast [33]. The MAC is modified for ABCD video packetss in the neighbourhood of at least one of its children, bezosm
as follows. We set the destination field of the 802.11 frarnesaware of the availability of the descriptions as it receiites
the broadcast address, which allows any ABCD video packsters attachment messages (a peer is any node other than the
to be received by anpeighbour of the sender. We define assource). It then chooses one of these peers as its parent and
neighbours of a node all the nodes whose packets can beends it an attachment message; the node thus chosen will
received byn; if we assume a symmetric channel, the nodeactivate, starting to forward the video packets it recefvem
neighbourhood is the set of nodes within its transmissiea.ar the source for the description it is active on. The attachmen
Note that the neighbourhood of a node may change over tinneessages sent by the newly subscribed node will now adeertis
due to mobility and churn. Even though packets are senttime description within their neighbourhood, generatinigeot
broadcast, we do enforce an RTS/CTS/ACK exchange wislubscriptions; this process is reiterated, independentlyach
one neighbour, specified by the protocol accordingly with thdescription, until all nodes have one parent per descriptio
application logic, and referred to @entrol peer. A node can have a different parent for each description; the
The choice of the control peer, as discussed in our previoaerlay is thus formed of the superposition af different
work [31], is implemented as a biased random choice. Fees. In conclusion, a node becomes aware of a path to the
each packet to be sent in broadcast, the control peer selectrideo resource as it intercepts an attachment messages Quit
procedure is repeated, and each neighbowif the sender often, it actually intercepts attachments from multiplesyse
is selected with a probabilitycp(n) = Tg?()gl, whereT'(x) (either piggybacked in video packets from an active node or
is the number of descendants of naden the overlay tree standalone from a subscribed node), and has to decide which
(excluding z itself). In other words,pcp(n) is the fraction peer provides the best path. Even if the node already has a
of descendants of node belonging to the sub-tree rootedparent, it could become aware of a better path, created by
in n (including n itself). Even though this technique cannothe connection or the mobility of a peer. Therefore, nodes
entirely prevent collisions, experimental evidence ssggthat need a metric for the paths through their neighbours, in
it reduces this phenomenon to the point of being negligibteder to choose the best one. To this end, we designed the
in our simulations, up to a density @0 nodes per neigh- following metric, which takes into account the above diseas
bourhood. Such a reduction of the collision probabilityais objectives, that each node evaluates over all candidaenzar
the protocol to perform better than the standard 802.11 (ine., nodes of whom it intercepted an attachment message),
the trade-off between rate and diffusion area. This traddten selecting the one that minimises its value:
off is typical of self-limiting multi-hop broadcast in wiless
networks [34], where a greater number of retransmissions
increments the spread of the content (diffusion area), buhereh is the number of hops to the soureeis the number
reduces its throughput (rate) because of the limited cHanwoéactive peers in the node’s neighbourhoéd the number of
capacity. Our improvement comes at the price of an increasgekcriptions (other than the current one) for which the riede
congestion, as the channel reservation has an overheadis tealready subscribed to the candidate parens, the number of
of time needed to transmit a packet; so it is advisable to ugeers subscribed to the same candidate pagésthe average
this technique only when a relatively small subset of nodeggnal-to-noise ratio of the link to its parent, and thevalues
is transmitting at the same time, possibly with a high bitratare a set of positive real weights, chosen experimentally so
Also, in order to work efficiently, the reliable broadcasteds that the average PSNR of the video sequences decoded by
a good choice of the control peer, which cannot be made usithg nodes is maximised. Experiments show that these weights
MAC layer information only. In conclusion, this technigue i need not to be adjusted at run-time, as the optimisationite qu
well fit for cross-layer protocols dealing with large churdés robust with respect to their choice, in the sense that, using
data, such as ours, but would not be advisable as a generdlies slightly different from the optimal ones, the pratioc
purpose addition to the standard MAC layer. still attains good results in terms of received frames adi@wi
Once a reliable channel for broadcasting is available, tig@ality.
protocol design is quite intuitive. As soon as the video seur Hop count minimisation should always be preferred over
has a content to deliver, it sends an advertisement messadle.other parameters in the function, since it assures that
The source’s neighbours, receiving that message, reply wihe overlay graph is acyclid.é, a proper tree). Also, it is
an attachment message for each description. Attachment m@mneficial to the minimisation of the end-to-end delay. As a
sages are interpreted as subscriptions to the descrign,result, in an overlay generated by ABCD, a node cannot have,
as soon as the stream has at least one subscriber, the soureesteady state, a peer in its neighbourhood whose hoptcoun
activates, i.e, it starts broadcasting the video packets for thé smaller than that of its current parent, since in that dase
description. We define a nodeetive on a description when would simply switch parent in order to prevent loops. The
it is transmitting that description. Conversely, we sayt tha humber of active nodes per neighbourhood is also minimised,
nodedeactivates on a description when it stops broadcasting ifpr two reasons: reducing the number of packets injectelddn t
willingly or otherwise. The subscribing nodes — that we defimetwork (hence the congestion) and reducing the total ammoun

J = whh + waa + wyd — wgg — wqq, 1)



of resources demanded to the nodes, which pay an energy ¢ogblogy is changing quicklye.g., a flash-crowd or a high
to relay a description. The protocol also aims, by miningsinmobility happens.

wqd, at ensuring path diversity among the descriptions, which

is advisable for both fairness and robustness. Notice tiat 411, CONGESTIONDISTORTION OPTIMISATION FORABCD

term —wgg I |p||¢s that the npdes try to maximise -the number Even though the ABCD protocol is able to create a dynamic
of peers subscribed to their same paresiblings), in order . i .
overlay that is efficient in terms of coverage and packet

to concentrate subscriptions on fewer active nodes, makm\g : . S
L overhead, it has an inherent limitation due to the broadcast

deactivations more frequent. As a result, the overlay tre?esservation'when node density is very high or a sudden &an

generated by ABCD tend to be short and wide, and the numbér ' Y y g 9

of active nodes tends to be small, which helps in preventirl'ulrg‘? topology Qdccur]?, the average o_lelz:tjybmay bdechome ISO g"grll
collisions. that some video frames are received beyond their playbac
However, we implemented a number of techniques explicitfead“ne' The actual values for an acceptable delay depend o

aimed at reducing the collision probability. To make it kaly e buffering strategy and, more generally, on the apptioat

: - in the following we shall assume that our target application
that two (or more) active siblings rely a packet at the same - ) )
. : ms at abiding by a conversational pattern, which mearts tha
time, video or attachment, we used a random assessment d?na

(RAD, [33]). To reduce the collision probability among vale eyma’?'m“m accepted delay from thg y|deo source to the end
. . - user is in the order of one hundred milliseconds, and the tota
packets belonging to different descriptions, the sourtayse . s . T
. : (i.e., for all descriptions) bitrate of the stream is in the order
them as temporally far apart as possible. In particularutet of a few megabits per second, a setup consistent with a video
indicate witht¢,(¢, j) the time when thé-th packet of thej-th g P ' P

description is relayed, and with the data packet period. Weconferencmg appllcanon._ An examplc_e of apph_catlo_n IS ajﬂ_e
. S awareness or an order dispatch service, provided in a ryilita
consider the most common case 8f = 2 descriptions, see

also Sec. IlI-A. If thel-th packet of descriptiofi is relayed at ggr?lsgsfgvrgg E’&:Tgrtlﬁé V;hzzisaoﬁngggig;gn; I ;/r:e central
time,(¢,0) = to + (T, then we impose that theth packet of b 9 y

N . . - headquarters.
descriptionl is r.e'a,‘}’ed at t'md’(é’.l),,_. to + (£ -+ 1/2)T. To reduce the delay in ABCD, we introduce a Congestion
Even though this “phase opposition” is lost when the two

- . vs. Distortion Optimisation (CoDiO) criterion in the per-hop
descriptions are propagated through the network, since tq’%rwarding of the protocol; namely, we adjust the retry timi
are not assured to arrive with the same delay to a genelic. | by the RTS/CTS mec,hanism (’)f the MAC. in a Co-Di op-
node (because of the RAD and other random events), tx'l y ' P

€. . L .
difference in delays between the descriptiofiief) is typ- | mised fas_h|on. CoDIO is an approach alrgady proven.wable
. . ; in the design of cross-layer protocols for video streaming o
ically much smaller than the inter-packet semi-perib@2, . .
. ) - MANETS [36]; here we propose a formulation of the problem
hence collisions between packets of different descrigtiare : .
. -~ hat takes into account both the inherent redundancy of the
kept very unlikely. If more than two descriptions are use o )
. . . . overlay and some specific features of the reliable broadcast
we sett((,j) = to + (¢ + j/N)T. Since N is usually not scheme of ABCD; however, the proposed framework lends
large [5], the delay difference is still much smaller tHAAN. X ' prop

Finally, to mitigate collisions involving attachment magss, ltself to be integrated in other tree-based streaming pooso

: . We start from the observation that the congestisndis-
the attachment rate is reduced as a function of the number. . . o
o ) : . rtion trade-off can be adjusted by tuning the retry lifiin
of siblings (including the hidden ones, as the parent noge :
. . T e RTS/CTS mechanism. Small valueskofvould reduce the
piggybacks the number of known children in its video packets

in steady state, active nodes tend to have a perfect knowlegongestion, since less requests are sent to try and obin th
Y ' P c%annel, but the expected distortion would increase, asutav

of t_hg ”“mber of their chﬂdren). In_conclgsmn, the impatt ncrease the probability of not obtaining the channel, thus
collisions is almost null in all our simulations.

As a final remark, we underline ABCD is a cross-lay being unable to send the current packet. On the other hand,

%ﬁigher values ofc would lower the expected distortion, since
but not the physical layer: to this end, we build on the fmur.he probability of sending the packet is higher, but woubal

of 802.11. Nevertheless, we are aware that physical Ia)}[enrply a higher congestion due to the channel occupation. We

issues must be taken into account when validating ABC _nd up W't.h a constrained mlnlmlsat!on problem; specificall
! : L .._for each video packet, we want to find the optimal vaitie

For this reason, we have extensively tested it using a daita o . }

: . ) . or the retry limit, defined as:
simulation environmentns-2) under several conditions of

node density, number of nodes, and stream bitrate [22]. In t* £ argmin {J(k)}, with J(k) = D(k) + A\C(k), (2)

all these scenarios, the protocol has proven to be able to keN

ensure thatl00 % of the nodes receive almost all framesvhere D(k) is the expected total distortion over the set of
of all descriptions, for a node density up #9 nodes per frames depending on the current packet,(contained in the
neighbourhood, which is three times as high as the optimadcket or predicted upon it), for all the nodes in the sub-tre
density (in the sense of the trade-off between the numberrobted in the current node (described in Sec. Ill-A), &1d)

hops to reach a destination and the collisions occurring the expected congestion of the channel seen by the current
each node) [35]. The average delay is kept in the order of thede (detailed in Sec. IlI-D), both resulting from the rdinyit
hundreds of milliseconds as the topology is slowly changing for the current packet. The parametecan be determined

but the maximum delay can have much higher peaks if tiegperimentally, as detailed in Sec. IV.



While congestion can be computed locally without the
need to propagate information through the overlay, since it

depends on the channel that the nodes can observe directly, > AT M

the distortion model offers several challenges. A missing AN

packet affects in general several frames of the decodea vide / . ?\

sequence; moreover, the effects may be different for eadl,no — RaRRdEE ]

depending on its reception of the same packet (from another t 0 ¢ e @ Ll
path) or of the other description. Finally, losses propagat e i g?

along the multicast tree, while a node can only communicate o usj

with its direct neighbours. These points are detailed in the \_7{\ JSE

following.

Figure 1. SetsS¢, Sp, S; and Sy with respect to node.. Here N. = 3,
. . No = 2, N = 4 and Ny = 5. Only nodesn, m and p are active. The
A. Distortion Model pattern in the background of the nodes’ transmission argarallel lines for

Here, we present our distortion model and discuss how f&s¢riPtiondo and solid ford.
parameters can be estimated and propagated. For the sake of
simplicity, we shall assume that the stream consists of two
descriptions ¢, and d;), hence the overlay consists in the * Sf, of singf:nod_es unable to receive either description
superposition of two different multicast trees. The task of if noden is deactivated om.

extending the framework for more than two descriptions i§ Fig 1, we show a node (identified by the blue dot with
conceptually easy, but using more than two descriptiondadvowlashed border) transmitting descriptidp in its neighbour-
require thatany combination of received descriptions shoulghood, which in this example is a circle. It should be noted tha
be considered individually, making the exposition long anghe actual shape of the transmission area does not affect the
confused. As a matter of fact, the case of double descriptiprotocol nor the definition of the se®, So, S1, andS;. Node
coding is the most interesting in practice, and in our refeee 1, is also active onl, and is not a child of:; while nodep is
scenario in particular, as it provides a very good balanegtive on the complementary descriptidnt the transmission
between redundancy introduced in the stream by MDC, aggeas of these nodes are also represented. If we assume
robustness to losses [37, 38]. that there are no other active nodes in this neighbourhood,
Let us consider a node that has to send a packet considering the intersections of the transmission areas, w
from descriptiondy. Each description can be decoded indepegee thatn has three neighbours in its s8t (identified by
dently, but — within the same description — some frames cowguares), two nodes belong to §t (diamonds), four nodes
depend on previously decoded ones if a predictive schemgong to setS; (triangles); and five nodes belong to $ht
is employed. Let us call(r) the set of video frames that(circles). Even though this is easily seen on this simplified
depend on- because they are includediror predicted upon example, determining the size of these sets is much more
it. We assume an additive distortion measure, since all th@mplicated when we take into account a sub-tree rootex in
most popular distortion measures are additive or equivaten as discussed below. Knowing the values\af No, N1, and Ny,
additive measure.g., the sum of squared differences, SSDwe would be able to comput® (k) perfectly. Unfortunately,
equivalent to the PSNR; the sum of absolute differences,;SAla the reference ABCD protocol, is not aware of which
or the structural similarity (SSIM) index [39]. Using any ofnodes in its sub-tree belong to which set; we show here how
these measures (in particular, we used the SSD), we can defirg possible to estimate how many nodes belong to each set
the following quantitiesDc, the cumulative distortion fdi(r),  through the up-tree propagation of attachment messages.
i.e., the sum of the distortion of the frames Ir), when For each video packet, let us definen, (k) the delivery
the central decoder can be used on these frames, since Bty for n givenk as a retry limit,i.e,, the expected number
descriptions have been receivdd;, the cumulative distortion of nodes inn’s sub-tree receiving if sent byn with k& as a
for I(r) when decoding onlyl, (only r is received);D1, the  retry limit, normalised by the total number of nodes in thb-su
cumulative distortion foil(r) when decoding onlyly (only r  tree. In the following, we shall omit the subscript idenitify
is lost); andDy, the cumulative distortion fo(r) when using  the node when unambiguous in the context. The delivery ratio
a strategy of concealment (as bathandd, have been lost). models the fact that not all nodes in the sub-tree rooted in
Let us consider what happens if nodeis deactivated on || receiver, since we are dealing with a wireless (therefore
descriptiondy, i.e, it stops transmitting it. Each node in thepssy) network. We can define the distortion for a set of nodes
sub-tree rooted im belongs to exactly one of the followingas the sum of the distortions of the nodes in the set. The

sets. distortion for setsS, andS, does not depend on the reception
o S, of size N¢:nodes able to receive both descriptionsf » sent byn, since the nodes in those sets would still receive
even if noden is deactivated omly; a copy ofr and decode descriptiafy, and shall therefore be
o Sp, of size Np: nodes able to receive only, if noden omitted, as it plays no role in the optimisation. For $at
is deactivated omly; only the nodes receiving could decode both descriptions;

« S;, of size Ni:nodes able to receive onbjy if noden the others would have to decode only descriptipnSimilarly,
is deactivated omly; the nodes irBs receivingr could decode at leadt, while the



others would have to use a concealment strategy. Therefore,
if we make the assumption that the delivery ratio fois the
same on botlS; and S; (which is reasonable, since the two
descriptions are sent independently), the two contrilostim

the total distortion ards, = Ni[n(k)Dc+ (1 —n(k))D,] and

Ds, = Ni[n(k)Do + (1 — n(k))Ds]. We rewrite the sum of
these two contributions as:

Ds, + Ds, =N1D1 + n(k)N1 (D — D1) +
+NiDo + (1 —n(k)) Nt (Df — Do ) .

We now introduceAD; = D; — D > 0 and ADs = R =
Ds — Dg > 0, which measure the reduction in the distortion a
node experiences when switching from decodipgnly to de- - e of directed b of an ABCD 8y (all
. . - gure 2. xample of directed graph of an overlay (aldes,

coding b_Oth' and from deC_Od'ng no descrlptlp_n (conceal?n.elg lid lines) for one description. Solid border represemtive nodes. Neigh-
to decoding onlyly, respectively. These quantities are positiveouring relations for nodews (dashed lines) are also represented. Here,
since central decoding always outperforms side decodidg afx = {75,726, n7}, p(na,n5) = p(na,n7) = no, and p(na, ne) = ni.

- ; . Being h(no) = 0 andh(ns) < h(nr), we designate as foster parent for
side decoding always outperforms concealment in terms tfﬁ

. . ; o ; nodens.
distortion [4, 5]. Using these quantities, we rewrite th&ako
distortion as: [(ni [ nr [ 6 [ 75 [ na [ ns [ 72 [ m1 |
;i no ni no no ni no nQo
D(k) =1 —n(k)]|NtADs — n(k)N1ADc e [ 2 [ 2| 434638
i 0 0 0 0 0 0 0
NeDe + N1Dy + Nt Do + Nt D —
Nele M Ao el 73| T O O R |
whereN.D., N1D1, N;Dy and N; Dy do not depend oRi, and Table |
can be neglected in the optimisation. DEPENDENCY RECORDS GENERATED BY THE ACTIVE NODES IFIG. 2

L . AND DESIGNATED FOSTER PARENTS
In order to solve the minimisation problem, a node has

to estimate the remaining contribution to the total distwort
the differencesA D, and ADx, the delivery ration(k), and

the group sizesV; and N;. Here, AD. and A D; depend on time the packet has to be sefit: = (P, V), whereP c E

the codec used; they can be easily computed at the encqdefesents the links over which the video stream is sSemt,
— where both central and side distortion are known, aqﬂe parent-child relation defined in Sec. II.

concealment distortion can be measured — and included |
the video stream as headers, or they can be estimated, syc
as in our experimental setup. There exist simple and eﬁectié.
distortion models allowing a recursive estimation of treies thére exists irE a pair of edges;; ande,; connecting them:

. . 1] Jt ’
dlstor_tlon .[40_42]' . . ) _ n; is theparent of n; (n; < n;), if there exists inP an edge

Estimating the delivery ratio and the group sizes is a mogle‘; converselyn; is achild of n; (n; = n,), if there exists
challenging task, as this information is distributed amdeti 5", edgee;: n; andn; arejsiblings (TZ, ~ ). if there
varying. In order to have a reliable estimation, nodes hayg. i inv g rij(z),de;zk sucﬁ that there exi;t iP]tv’vo edges
to deduce, at least partially, the topology of the overl

b d thei o herein th ble & laé'ki andey;, i.e, they have the same parent. We also define
eyond their transmission area (wherein they are able teato n; as anancestor of n; (n; < n;) if there exist a simple

information directly). In the following, we present a sadurt directed path from; to n;, in which case we also define;

to this problem that relies on a sm_all number of MeSSagES 4descendant of n; (n; > ny). Let us also denote b)y(n;)

exchanged, sent through the same links used for the V'deorhe number of hops that a packet sent by the source has to
) o cross in order to be received by, i.e., the valueh used by

B. Group size estimation noden; in the objective function (1).

In order to solve problem (2), nodes have to estimate theln order to estimateV; and N, we analyse the impact of
group sizesNs and Ni. To this end, we introduce a modela node skipping the transmission of a packet. We introduce
of our ad-hoc wireless network as a simple directed grafinthe protocol the notion dfoster parent: the idea is to have
G = (E, V), where the vertices,; € V represent the mobile each node collect information about possible alternatitbp
nodes and the edges; € E the wireless links between twofrom which the description can be received, then transmit
nodesn; andn;, i.e, if e;; € E, n; andn; are neighbours it to its current parent, thus allowing the parent to estémat
(with respect to definition given in section Il). Note thaged the impact of its decision of not sending a packet. This is a
in E are bidirectionale;; € E < ¢;; € E. complex problem, as no node has a global view of the topology

An overlay produced by ABCD will converge, for each(nor it should, as propagating the whole topology to all\ecti
description, to a directed tréE, rooted in the source (labellednodes each time it changes would congest the channel). Our
s), and spanning fronG. For the sake of simplicity, we shall contribution consists in a technique to reliably estimdte t
hereby consider only a snapshot of the overlay topologyeat throup sizes using the nodes’ local information plus a small

e define now a set of useful relations between two nodes
ndn; on the ABCD overlay by using binary relations on
n; andn; areneighbours (which we denote by; Y n;), if



amount of information propagated through the overlay. It it has in common with its neighbours; this can be done by
call Vo C V, the set of active nodesg., the nodes that are comparison if each node adds in its attachment messages the
relying at least one description, and are therefore padrds sequences of its ancestors, which can be easily generaied as
least one node; for each nodg we define its set afandidate suffices that any active node adds its identifier to the sexpien
foster parents 3; C Vp as: it receives from its parent. The amount of data exchanged to
B2 {n eVl propagate the sequences is s_maII, as the ABCD trees tend to
! J A be short and wide (see section Il). It should be noted that,
(ni Y mj) A (ng L ng) A (ng % mg) A(ni # )ty even in the original version of ABCD, upon disconnection of
which is the set of active neighbours of that are neither tN€ir current parent, nodes could still receive data frorinpa
ancestors, nor descendants, nor siblings.ofeg., in Fig. 2, ynsgv_ered by the d|§connectlon. Howev_er, this mechanlsm_wa
By = {ns,ne,n7}). Each node has perfect knowledge ofmplicit and, more importantly, the existence of altermati
its set of candidate foster parents. In fact, since canelid®@2ths was not propagated through the overlay, thereforer oth
parents are both neighbours and active, the node receipies tR0d€s could not rely on this information to make any decision
attachment messages piggybacked in their video packets, &¥€n though all alternative paths existing in the original
from these it can infer their parent. Comparing its neighisbu protocol_stlll e>§|st, V\_/edeagnate one and advertise mforlmatlon_
parent with its own, it can deduce whether they are sibling%t.’OUt this d_e&gpahon to allow _other nodes to benefit from it
Furthermore, each node obviously knows both its parent andn the estimation of groups size, we shall assume that each
children. Finally, as mentioned is section I, it cannot da10den; designates a unique foster parent The reason is
in its neighbourhood other ancestors than its parent (apd, Hat. even though in principleny node in B; provides an
symmetry, no descendant other than its children). alternative path, it is unlikely that in case of failure oftho
The existence of a node; € B; assures thab, would the regular and alternative path, due to the disconnection o
stay connected even if the link with its parent were remove@.node in their common path, other pathsincould still be
Also, it is possible that it would stay connected even if th@Ctive, since the protocol tries to concentrate subsorigton
link between its parent and its grandparent were removef few nodes as possible (see Section Il), and if a node fails
this would hold true as long as the grandparentpfwere thatis a common ancestor of andy;, itis likely to be an
not an ancestor ofi;. In order to evaluate the degree oftncestor of the others nodes/i as well. .
robustness of the path that; provides ton;, we want to The presence of an alternative path allows a node to receive
investigate thecommon ancestors the two share. To this end,@ packet even though its parent decided not to send it or
let us observe that any couple of nodesvinhas at least one Was unable to obtain the channel. These alternative paths
common ancestoi,e., the source. However, nodes can havéetermine the groupS; and Sy, whose sizes N1 and Ny)

more common ancestorag., two siblings share a number ofWe want to estimate. In order to do so, we need to spread
ancestors equal to their height in the tree. Let us define: the information about the existence of these alternatithspa
through the overlay tree. This information, however, has to

A
Cij = {nk € Va | (ni < ni) A(ne < nj)}, be refined while it is spread from the leaves towards the
which is the set of common ancestors of and n; (eg., SOUrce in order to prevent congestion. The propagatioheof t
in Fig. 2, Cig = {n1,n0}). In this set, we can iden- information about alternative paths works as follows. tirs

tify the most recent common ancestor yu;; as pu(ni, n;) A each nodey; finds its most recent ancestor in common with

arg max {h(ny)}, which is the common ancestor of and its designated foster parent, callpath dependency node and
ny €Cy;

denotedd;. By convention, a node with no alternative path

k. . .
n; with the longest path from the sourced, in Fig. 2, gefines its current parent as path dependency node.
fae = n1). Let ng = p;;; any of theh(ne) ancestors of

ne Will also be inCj;, and any of its descendants will not. A {u(nu%) if B; # 0,

In other words, we can assume that, fremto n;, the two 0; =

paths (one through its current parent, the other through

are affected by independent failurés,, no failure of a single The meaning ofy; is thatn; has an alternative path that is
node betweem. andn; could severe both paths. Thereforeindependent from the current path up 4o See Fig. 2 and
we are interested in the neighbouy such thatu;; is as close Tab. | for an example.

as possible to the source. This neighbour is catlesignated Once a node has computed its path dependency node, it

ng | ng < n;  otherwise.

foster parent and denoted by;. More formally: has to transmit to its parent the information about the path
m; = min h(p(ni,ng)), dependencies. This is done usirgpendency records (see
n;€B; Tab. 1), which we define asl; = [d;,¢;,x;], wherec¢; is
M; = {n; € Bi | u(ni,nj) =m;}, the number of nodes in the sub-tree rootedrin sharing
©; 2 arg min {h(n;)}. the same dependency, andis a flag signalling whether the
njEM; nodes are also receiving the complementary description. In

The rationale behind this choice is to minimise the number ofder to explain how dependency records work, we shall now
critical nodes,i.e, nodes that would cause the failure of botldescribe how they are generated and propagated through the
regular and alternative paths if deactivated. In order td finree. Dependency records are generated by eachnleafs

»i, @ node must be able to compute the number of ancestdgs= [d;, 1, «;], one for each description it receives, then sent it



to its parent. The parent of; interprets this record as follows:
for descriptiondy, n; has an independent path updstcand it is

the only one in its sub-tree having this dependency node; als
it has (if z; = 1), or has not (ifx; = 0), the complementary
descriptiond; . Another similar dependency record is generated
for d;. Let us assume that; is the parent ofu;; if n; has

no alternative path or its path dependency node corresponds
to the parent of;, thenn; updates the record, replacing the
path dependency node of with its own. The logic is simple:

n; stays connected as longagsis connected,; if:; has a path
alternative to its current one, then it is able to restorepihth
from the source ta; even if its current path fails. Therefore,
for each child’s dependency recort], the parent node;
generates anpdated dependency record:

Figure 3. Example of directed graph of an ABCD overlay for description

i if &, . ) ) (only active nodes are depicted). Neighbouring relatiatasited lines) are also
di’ = di it 3 # .nJ andd; A n;, represented, for couples of nodes not connected by a petédtor sibling
[0j,ci,z;]  otherwise. relation.

In other words,d;’ represents the dependency recordngf
with the addition of the knowledge of the topology contrémlit the records received from its children, an active negean
by n;: if n; is the path dependency node fof, it can update estimate the group sizes as follows:
this information. _
Noden; needs now to transmit an aggregated informatiorVe :ch with Ce = {j | ns <nj Ad; < ny Axj =1}

about its own alternative paths and its children’s. In orier jeCe
do so, it generates twaggregate dependency records, one for 7, :ch with Cy = {j [ ni <nj A G; K ni Ay =1}

the children receiving the complementary description, ted jec
other for those not receiving it: No :ch With Co = {j | ns < 1y A S; < mi Aty = 0}

s*= Y di,  Vke{01} j€Co
ilni=n;Azi=k Ni :ch with G = {j | ni <nj; Ad; L ny Axj =0}.

where the sum denotes the composition of two records having 7€
the same value of the flag;, defined as: In other wordsp;; verifies, for each chila;, if the dependency

(ci, 61, i) + [¢j, 65, 2] 2 for the alternative path oh; is satisfied,i.e, if the path
" ’ . e hs . dependency node declared in the record is one of its ansestor
[(ci +¢;), arg 5ké?§il,15j}{ (Ok)}, @il- (rather tham; itself); if this is the case, then it is understood

. iy ' thatc; nodes in the sub-tree rootedvin are able to receivé,
This rule of composition respects the semantic of the recor e . e

. . . . ven ifn; is deactivated on that description. Thes@odes are

in fact, the number of depending nodes is obtained as the .

L . herefore accumulated — depending on the valyeleclared

sum of the contribution of each record, while the path de- . ~ ~

in the record — either otV (if «; = 1) or on Ny (if z; = 0).

endency node is chosen consistently with the definition . .
P y rently @n the other hand, if the path dependency node is not an
most recent common ancestor given above. In other words,

in these records, the new path dependency node for the arigestor ofn,; (i.e, it is n; itself), then the alternative path

of children sharing the same value of is the one with the iS invalidated, and the; nodes are assumed to be unable to

shortest height. Aggregation of dependency records iseﬁaeare_ceivedo if n; deactivates; they are therefore accumulated on

as it transforms a series of local views into a more desur.iptie'theer (if 21 =1) or Ni (if 21 =0). _ _
global information:; has to propagate its knowledge up-tree In_ Tab._ll we present an example O.f group: stzes esti-
to facilitate its ancestor in making decisions that affdet t mation, with r.espe.c.t to the overlay depicted in Fig. 3. For
whole sub-tree. Thus, at higher levels, a global optimiseis the sake of S|mpllc;|ty, let us assume thﬁ.‘t =0 .for all
performed, using an aggregate information on the descésnda odes. The estimation of the group size d_n‘fers slightlynfro
At lower levels, active nodes may or may not operate tHae aCtl_JaI values (namely fot, and ns, W't.h an error of
same choice as their ancestors, since they will now use a m unit), as nodes are unable_to de_termlne their common
and more detailed local information. Finally, will add its ancestor ovesll the paths of their designated foster par_ent.
own contribution to the proper aggregate dependency reco the gxamplem assumes, as deperldency node for its
in accordance with the value of - alternative path through,,, thereforen, invalidates it when
/ estimating the group sizes; however, evemif deactivates,
d;™
{ djlij- sjl—Xj ng — N2 — Ny — Ng — N1 — N7y, i.e, thrOUgh the
alternative path ofig. However, even with this simplification

s + [1,6;, 2] n7 could still actually receive the description through théhpa
Node n; will then propagate bottd®; and d';. Using - which reduces the amount of information exchanged — the

> v



[ni [ nis [ nir [ nie [ nis [ naa [ mas [ mao [ a1 [ nio [ no [ns [ ne [ me [ ns [ na [ na [ na [ ma [ no |
(@i [maa[mie [ns [ - [ms[ no [ - [ mg [ = [ms[ns [nn | - [ns [ -] -] -1T-17-1]
[0 JTmio [ mo [ mo [miz [mio [ no [ mo | ma [ mo | m5 [ nmo | ma [ n2 [ no [ mo [ n1 [ no | no | — |
e ] [ 1T [ 1T T 1 11 3 | 3 1 1 [ 5 [ 1 5 1 1T 11T 71 71119719 T1T19]
No — — - - - 1 1 - 3 4 5 5 - 7 7 0
No - - — - - 1 1 - 3 - 4 - 6 6 — 7 7 0
Ni 1 1 1 0 1 1 7 7 0
Ny T 1 1 0 0 0 1 1 18
Table Il

VALUES USED FOR ESTIMATION OF GROUPS SIZE IFIG. 3. WE REPORT HERE THE DESIGNATED FOSTER PARENTS;, THE FIELDS OF THE DEPENDENCY
RECORDS §; AND ¢; (z; = 0 FOR ALL NODES), THE ESTIMATED VALUES Ng AND Ng, AND THE ACTUAL VALUES No AND N,

reliability of the estimation is not affected much, as we sda the articles proposing broadcast reservation [33, 4d]ian

in the example, where the small errors on the estimation aests performed on ABCD itself [22].

corrected upper in the tree. This is a point of strength of Let us consider a node that has at least one child but no
the protocol: errors do not propagate through the whole tregrandchildren. We calp,, the probability ofn obtaining the
there may be local errors, but they tend to be corrected @sannel with a single try, which, under the assumptions made
dependency records propagate, as they are enriched with deve, the node can estimate by just using its video packets
topological information. as probes for the channel around itself, with an exponéytial
weighted moving average of the number of received ACKs
divided by the number of RTS sent. Nodeestimates,, (k)

) _ ) ) as1 — (1 — p,)¥, then sends the value of,(1) = p, to

We shall now discuss how, (k) is estimated. To this end ji5 harent. Note that here we are also assuming that if one

C. Delivery ratio estimation

we make the followi_ng assumptigns: child of noden receives a packet, all of the childrenfalso
1) Before each video packet is sent, the sender transmiits, consistently with the assumption made above. Let us now
an RTS message to the control peer. consider a second node that has at least one grandchiédy.,

2) If the sender receives a CTS message from the contiieé parent ofr; m will receive from each of its children its
peer, then it gains exclusive access to the channel and #givery ratios;. and the number of its descendants|f with
video packet shall be received correctly by the contral single trym were able to obtain the channel, the message
peer. it would send could be received by its, children and, by

3) If the control peer has correctly received a video packetiductive hypothesis, any nodechild of m would reach in
to which it replies with an ACK message, then allts turn,.(1)g. of its g. descendants. The valug,(1), can
designated receivers have correctly received the sagherefore be estimated as:

packet;i.e, when the sender receives an ACK from 1

the control peer, it can be inferred that all the children gm + Z ne(1)g

received the data packet. N (1) = ppm ¥ crm .
The first assumption is enforced by the ABCD protocol itself, gm + >Z 9e

the other two are common assumptions justified by the way
the RTS/CTS/ACK mechanism of IEEE 802.11 works. Idhis formula can be read as follows:ifi obtains the chan-
practice, there exists a minor fraction of nodes not rengie Nnel (which happens with probability,,), then the packet
video packet even if it has been acknowledged by its conti§l received by itsg,, children, plus (on average).(1)g.
peer, in certain topologies. However, these events areyalwa&lescendants through each childout of the total number of
limited in number of both nodes and packets, since the ABGES descendantsf, + >_ g.). All other values of,, (k) are

cm

parent switch mechanism tends to avoid these topologiesyn., astimated agn (k) =1 — [1 — o (1)]F.

the first place. Also,_in a scenario WiFh node _mobility, these e values ofg. are already part of the node state piggy-
pathol_oglcal topqlogles are necgssarlly transient. Ofrsmu backed in attachment messages (see Sec. Il) and the values of
in a wireless environment, there is always the possibiligt t 1. can also be transmitted in the same way, so no congestion
one or more descendants of a node do not actually recei¥&qonerated in order to transfer this information. Alsggyr

the packet because of fading. However, on one hand 80211y ing in attachment messages assures us that the infonmat
provides several tools to red_uce this problem. On the _oﬂ_ier,_ is always up-to-date in case topology changes.

only effect that our assumption could have on the optinosati
process is a slight overestimation 6f(k), which does not .
necessarily translate into a wrong selection of the retjtji D Congestion

since the group size estimation can be affected by a smalWith respect to the minimisation problem (2), we define the
error of the opposite sign, ankl is selected into a discretecongestion seen by a nodeas the number of packeg, that
and relatively small set, therefore small variations/ofare cannot be sent (by or by other nodes) as the channel in the
drowned by the quantisation dn Finally, the soundness of neighbourhood of: is occupied byn itself, times the time
these assumptions is supported by experimental evideribe b® (%) the channel is kept busy by (the former not depending
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on k). C(k) = Q,0(k). Here,Q,, is the length of a virtual parameters available, each node can decide its valueforf
packet queue, distributed amongand its neighbours. This is the current packet by simply evaluatinffk) for all & up to
different from the assumption usually made in the literatum maximum value. The choice of this value, along with an
thatall the neighbours of a node are always willing to transméxtensive experimental validation of the CoDiO model and
at any time, and is based on the knowledge of the neighbouagproach, can be found in the following section.
state, namely, the number of packets they have to send —
in line with the ABCD protocol paradigm of piggybacking
control information on broadcast packets. Notice thathhis
formulation, a node will not refrain from sending a packet fo In this section, we present the results of the performance
the mere fact of having many neighbours: its neighbourd shtgsts of the proposed CoDIO extension of the ABCD protocol,
not be considered when it is known that they do not haveiracomparison with the conventional ABCD implementation.
packet to send; conversely, the more a node has neighbourd set of nine video sequences (“Akiyo”, “Bus”, “City”,
with pending transmissions, the more it will try to reduce th*Coastguard”, “Flower”, “Football’, “Foreman”, “Mobile’
number of packets it sends. and “Stefan”; CIF at30fps), concatenated and looped to
We estimate the time the channel is kept busy by thwatch the total simulation time d§00s, has been encoded
quantity © (k) 2 Trs(k) + P (k)Tpk, WhereTy is the time with multiple descriptions using a technique based on chan-
to transmit the data packet — which depends on its size. Thel splitting and motion-compensated temporal interpmtat
term P, (k) is the probability that: successfully obtains the of missing frames [45], with a total coding rate of about
channel — and thus sends the packet — with at mostes, 1.8 Mbps, resulting in an average PSNR30t94 dB for central
which is estimated a®, (k) = 1 — (1 — p,)*. The value of decoding and5.20dB for side decoding.
Tus(k) is defined as the expectation of the random variable The MANET has been simulated using the-2 discrete
trs = Trs(k) 2 E [ tns ], Which represents the time needed tevent simulator, which models quite accurately the 802.11
succeed the RTS/CTS competition, and which depends on MAC layer and implements a shadow/multi-path fading model.
numberc of collisions. Even though the PHY model of ns-2 is somewhat inaccurate,
Let xy be the random variable representing the number $ wide availability makes it one of the most commonly used
collisions occurred before obtaining the channgl, can be research tools in the field of mobile ad-hoc networking (see,
written astns = (x + 1) T + X too, WhereTy is the time to for instance, [46], [47], and references therein).
send an RTS packet including its following inter-frame spac Our implementation of ABCD consists in a modified version
(as defined by the IEEE 802.11 standard [44]), apds the of the 802.11 MAC layer agent that supports our scheme of
back-off time, also depending op. The dependency ofys reliable broadcast and a routing agent that implements the
on y suggests to evaluatBs(k) as a conditional expectationapplication logic. The mobile nodes’ interface parametees

IV. EXPERIMENTAL RESULTS

versus the number of occurred collisions: based on the specifications of the ORINOCO 11 b/g card [22],
k—1 which has a nominal range 86 m using a Ricean propagation

Tus(k Z E[tus|x =c|Pr{x=c} model for moving nodes, a Two-Ray Ground model for static,
=0 a path loss exponent = 2.7, and a shadowing deviation

k—1 o4 = 6.8. The parametei in the minimisation problem (2)
= Z ((c+1)Tix + cE [ tho|x = ¢ |) Pr{x = c}. has been found experimentally by maximising the average

=0 quality (in terms of PSNR) of the decoded sequences, for a
Given ¢ collisions, the expected value ofty,, is value of A\ = 1.4. However, preliminary tests with several
E|[tholx =c] = % (2°—1), where W is the size of the values of A showed that the technique is quite robust with

contention window as defined by the 802.11 standard [44gspect to the choice of this parameter. Also, for obvious
Therefore, given the probability of having collisions implementational reasons, problem (2) cannot be solved tes
Pr{x = c} = pn(1 —pn)°, Tus(k) can be written as: ing all & € N; in practice, it is reasonable to assume that
k1 the optimal value oft must lie in a intervall0, kmay, with
Tns(k) = Z {(c +1)Tx + ¢ w (26 — 1)] pn(1 = pp)E. kmax relatively small, since a time too long to gain access
2 to the channel would result in the packet being dropped for
lateness. In order to find a suitable value fgf., we ran
several simulations with very large values lfax, in order
K(gk—l _ 1)] pn(l —pn)k_17 to be sure that the optimum was not missed; we found that
2 the optimal values fok always lay betweed and twice the
then Tys(k) can be computed using the following differencdimit prescribed by the standar@, x 7 = 14; the following
equation: simulations are therefore run withnax = 14. From our
simulations, we observed that the valuescactually chosen
Tis(0) =0, Tus(k) = Tus(k — 1) + Alns(k). by the optimisation algorithm depend on the number of frames
This is a very convenient formulation, as several conseeutiaffected by the current packet: Intra-frame packets arenibest
values ofTys(k) have to be computed. protected (the most common value fois 12), while packets
The congestion estimation completes the set of valuesntaining frames with no dependency are the less protected
needed to solve the minimisation problem (2). With all th&he most common value for is 1).

c=0
We observe that, if we define:

ATns(k) = [th +(k—1)
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Figure 4. Histogram of frame delay. The vertical bar marle tiiaximum delay for frame decoding in the case of conversaltipattern: (a) delay of a
generic frame; (b) average delay of frames at a generic node.

In these experiments, we compare the two versions of the
protocol {.e., plain ABCD and ABCD with CoDiO extension)
in a network with100 nodes and a density of0 nodes per
neighbourhood. This is an extremely high density, chosen in
order to appreciate the capability of the proposed framkwmr
deal with very harsh conditions of the netwodg, a group of
rescuer rushing towards the injured in a disaster, or a n&nip
of soldiers converging on a target). Tests performed agaifit
densities showed that the lower the density is, the mordasimi , ,
the performances of the two protocols are, which was to be 01 — Referencd
expected, as the proposed framework is specifically dedigne Froposed)

L L L L
200 300 400 600 700 800 900

for high densities. Delay [ms]

In Fig. 4(3)* we compare the histogram of the framﬁgure 5. Cumulative distribution of maximum delay expeced by a
delay for the two versions of the protocol, collected frongeneric node.

all the nodes of the network. Note that any frame with a
delay higher thanl00 ms (vertical bar) would not abide to
the conversational pattern, and is therefore dropped. We deame could have not been scheduled for sending in the first
observe that, in the reference version, more than one h#ieof place (which can happen only in the proposed extension), or
frames are too late to be decodéd o), while in the proposed have exhausted all the requests granted without obtaihiag t
version only a light tail of the histogran®.( %) crosses the channel (in both versions). This results in the fact that for
deadline. This means that, in the reference technique, alfie lsome frames a node receives both, or one, or none of the
of the received packets are dropped as useless, even thodegcriptions. The reference technique uses central degodi
the channel resources for their transmission have beert.spér 73 % of frames and side decoding fd® %, while the
This can be also observed in Fig. 4(b), where we compaseoposed technique uses central decodingy of frames and
the histogram of the average delay perceived by the nodsile decoding fob % (concealment is used for the remaining
about one half of the nodes have, in the reference version,fesmes). This result is mostly network-related and almost
average delay higher than thé0 ms threshold. On the othercompletely independent on the MDC scheme used (apart from
hand, the CoDiO framework allows to exploit the channehe inter-frame dependency due to the predictive structure
more efficiently, and no node experiences an average detme the definition off in Sec. Ill), since using a particular
higher than70 ms. We also present, in Fig. 5, the cumulativiDC technique affects only the length of video packets, with
distribution function of themaximum frame delay experienceda negligible effect on contention over channel access.
by a generic node. We observe that, in the reference schema{ow the use of a decoding strategy reflects on the video
all the nodes experience at least once a very high delayeflarguality depends on the codec used and the concealment
than 200 ms) because of congestion. On the contrary, wheffrategy employed; in our experiments, we used an MDC
CoDiO is used, aboutl0 % of nodes never experiences aechnique that we introduced in [7], employing frame fregzi
delay larger thanl00 ms and only about one third of themas concealment. In Fig. 6(a) we compare, for the two versions
experiences a maximum delay larger th209 ms. However, of the protocol, the probability density functions of PSNR
even those nodes cannot have an average delay larger th@nframe,i.e., considering the PSNR of each frame decoded
70 ms as shown in Fig. 4(b). by each node as a realisation; the PDF is then estimated
Being discarded because of lateness is of course not thigh the Parzen window method [48]. Both distributions have
only reason for a frame not to be decoded by a node. rAughly the same shape; however, in the reference scheme,

s o o o o o
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Figure 6. Probability density functions of the PSNR. Thetieat bars mark the average video PSNR for the sequence wdesddd with side (leftmost)
and central (rightmost) decoder: (a) distribution of fraR@NR; (b) distribution of sequence PSNR.

nodes decode a generic frame with a low PSNR with a higher 10 b

probability, for an average df8.2 dB, while in the proposed
technique frames are much more likely to be decoded with a 8or
high PSNR, for an average 89.7 dB, i.e., 0.24 dB short of the or
average central quality, clearly better than the referefbées
means that, using the reference technique in this configarat
the effects of unreliable transmission are visible to therus
whereas in the proposed technique they are barely perteptib
Now we consider, for each single node, the average PSNR of 20¢
the locally decoded video. In Fig. 6(b) we show the estimated B e "
probability density function of the per-node PSNR; here, we L — : ‘
see how the reference technique corresponds to an almost
flat distribution, bounded between the average quality@é si Figure 7. Case of mobility with Random Way-point: ABCD deliy rate
and central decoding. This implies that the video quality i a function of average node speed.
acceptable for all nodes, but some of them have an average
PSNR much smaller then others. On the other hand, the
proposed technique has a much more peaked distributigersational video applications over mobile ad-hoc netsork
meaning that all nodes achieve a very high quality, witlihese results have been obtained in experimental conglitibn
the modal value corresponding to the maximum quality. Inigh bitrate, high density, random mobility, and large nemb
other words, even though some frames are decoded witlbfanodesj.e., conditions prone to generate a severe congestion
relatively small PSNR (as shown in Fig. 6(a)), this hardlgn the channel; also, a stringent constraint on delay has bee
happens repeatedly to the same nodes; as a consequengsosed. Tests have been performed in less harsh scenario as
almost all nodes have an average PSNR over the sequencewl but — even though the proposed technique is never out-
is close to the maximum. The difference in dispersion can performed by the reference technique — the gain is less and
better quantified by the inter-quartile range: in the refeee less significant as congestion is less relevant (becauseano
technique th&5-th node, ordered by decreasing PSNR, has alelay is accepted) or less likely to occur (because the node
average PSNR almogt0dB higher than ther5-th, whereas density and the bitrate are small); this of course depends on
in our proposed technique this range is in the orded.BB. the fact that this framework is designed to grant convesgati
Furthermore, in order to test the performance of the prdtoatelivery in congested networks, and is unnecessary in more
in presence of node mobility, two different models have bedalerant and less crowded networks.
experimented: Random Way-point and Reference Point GroupA last remark is due about the overhead of the proposed
Mobility [45]. The delivery rate as a function of the nodesprotocol. We observe that the CoDiO framework does not in-
average speed for the Random Way-point model (the mesiduce new packets with respect to the reference ABCD pro-
challenging for a structured protocol, as the nodes mouscol, as all optimisation-related information is pigggkad
independently) is presented in Fig. 7. We observe that tbgher in video data or in attachment messages. In its turn,
performance of the protocol is practically unaffected fseeds the message overhead of ABCD is detailed in our previous
within the targeted application rangé-6 m/s), and starts to paper [22], and even in the worst scenario never surpasses
deteriorate only for speeds greater thtam/s. 10 %. As far as the computational overhead is concerned, it
In summary, we find a significant gain both in terms ofs by far negligible with respect to the computational load
PSNR and in average end-to-end delay, while the delivegy raequired by the video decoding: it could be easily shown that
is kept close tol00 %, making the technique suited for conthe computation of/(k) for all different & values can be
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performed with a few hundred clock cycles. Since the packgb] Y. Wang, A. Reibman, and S. Lin, “Multiple description

period is of the order o10~!s, CoDiO can be implemented

with a few thousands cycles per second. For comparison,
H.264/AVC baseline decoding requires several millions of[6]
cycles per second [49], even at as low resolutions as CIF,

while multiple description decoding is even more complex.

V. CONCLUSIONS AND FUTURE WORK

[7]

In this work, we proposed a congestion avoidance frame-
work designed for multi-tree overlays in mobile ad-hoc en-
vironments with high node density and stringent constsaint[8]
on delay. Namely, we introduced a dynamic adjustment of
the MAC layer transmission parameters, optimised w.r.t. a

congestion-distortion criterion. The model for congastmd

(9]

distortion takes into account the video coding structure as
well as the topology of the overlay network. In particular,

for distortion estimation, we introduced an efficient way t¢10]
propagate information about possible paths alternativia¢o

multi-tree overlay, in order to classify the nodes in groups

differently affected by the loss of a packet. The total disom

is then estimated by weighting the expected distortions of
each groups with the estimated number of receiving nodgd]
in each group. This allows to make a reliable prediction on
the consequences of sending a packet with a particular retry
limit, thus optimising video transmission in a CoDiO sense.
As a result, both congestion and distortion are optimised [ih2]
dense networks imposing a conversational pattern on theovid

stream.

Future work includes the introduction in the model of an
up-link constraint, such that a node cannot stream more tha3]
one description at once. Such a constraint is justified both
by the limited capacity of some mobile terminals, and by
the high battery consumption associated with transmitting
at a high bitrate. Some preliminary promising results have
been obtained with a combination of MDC and networkl4]
coding over an ABCD overlay [50], by allowing the active
nodes to stream a combination of descriptions, rather than

more than one description. We are also currently investigat
some solutions integrating a rate-distortion optimisedkpa

scheduling operated independently by each active node.
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