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Abstract — Opportunistic routing achieves significant perfor-
mance gain under lossy wireless links. In this paper, weldpve
a novel approach that exploits inter-flow network coding fpar-
tunistic routing. A unique feature of our design is that isteynat-
ically optimizes end-to-end performancaad, total throughput). A
key challenge to achieve this goal is a strong tension betwppor-
tunistic routing and inter-flow network coding: to achievgthreli-
ability, opportunistic routing uses intra-flow coding taead infor-
mation across multiple nodes; this reduces the informagarnhing
an individual node, which in turn reduces inter-flow codirgpor-
tunity. To address this challenge, we decouple opportignistit-
ing and inter-flow network coding by proposing a novel fraragkw
where an overlay network performs overlay routing and #fitaw
coding without worrying about packet losses, while an ulagamnet-
work uses optimized opportunistic routing and rate lingjtio pro-
vide efficient and reliable overlay links for the overlay wetk to
take advantage of. Based on this framework, we develop tbee fir
optimization algorithm to jointly optimize opportunistioutes, rate
limits, inter-flow and intra-flow coding. We then develop agii-
cal opportunistic routing protocol (O3) based on the optation
results. Using Qualnet simulation, we study the individaadl ag-
gregate benefits of opportunistic routing, inter-flow cagliand rate
limits. Our results show that (i) rate limiting significanptmproves
the performance of all routing protocols, (ii) opportuiisbuting is
beneficial under high loss rates, whereas inter-flow codirgare
effective under low loss rates, and (iii) O3 significantly-performs
state-of-the-art routing protocols by simultaneouslyelaging op-
timized opportunistic routing, inter-flow coding, and rétsits.

Categories and Subject Descriptors

C.2.1 [Computer Communication Networks]: Network Archi-
tecture and DesignWireless communicatiornC.2.2 [Computer-
Communication Networks]: Network Protocols—Routing proto-
cols
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1. INTRODUCTION

Motivation: As wireless losses are common, providing efficient
and reliable wireless communication is increasingly ingat. Op-
portunistic routing is shown to effectively combat wireddesses
by taking advantage of the broadcast nature of the wirelesum
(e.0, [1, 2, 17]). Aninteresting question, which we explore irsth
paper, is whether opportunistic routing can benefit frorerifiiow
network coding, which has been successfully applied tdsipath
routing in wireless mesh networks.¢, COPE [8]). We address
this question by developing a theoretical optimizationfesvork
and designing a practical protocol to achieve the gain.

As a motivating example, consider the topology in Figure thwi
two bi-directional flows between A and D. traditional single path
routing, the expected number of transmissions to deliver one packet
over each hop is 2 due to the 50% loss rates, and altogethaenss tr
missions are required to deliver one packet for each of thdlows.

In opportunistic routing a flow source uses either B or C to for-
ward traffic (instead of only B or C). Therefore a packet makes
progress if it reaches either forwarding node. This prdigkis
75%, assuming independent link loss, which is common in many
real networks [19, 20, 25]. So on average it takes only 1.83st
missions to move a packet over the first hap.(to either of the
intermediate nodes) and 2 transmissions to move the packat f
the intermediate node to the destination. Therefore, ettay 6.66
transmissions are required to successfully deliver botheta.

The performance oiter-flow coding[8] depends on whether
there is an inter-flow coding opportunity. If the two flows uke
same intermediate node as the forwarder, which is the bsst ca
then it takes 6 transmissions to successfully deliver baitkets
(i.e., 2 transmissions to deliver one packet over the first hop th bo
flows as in single path routing, and 2 transmissions for therin
mediate node to deliver the packets to A and D by XOR-ing them)
In this case, node A can extract the packet it needs by XORtsng
own packet with the one received from the forwarder. So cateno
D. When the two flows use different forwarders, there is nerint
flow coding opportunity and it takes 8 transmissions to @elivne
packet for each flow as in the traditional single-path ragtin

We propose to exploit inter-flow network coding in opporgiia
routing. Not only does it take only 1.33 transmissions to enav
packet across the first hop by using opportunistic routindg,atso
an intermediate node can XOR packets from the two flows when-
ever possible. In thbest casédi.e., intermediate nodes can XOR all
packets), the intermediate nodes only need 2 transmissiods-
liver packets for both flows by XOR-ing them, which result€i66
transmissions in total to deliver one packet for each ofweeftows.
This yields a gain of 72% over single path routing, 43% overarp
tunistic routing alone, and 29% over inter-flow coding aloimethe
worst case(i.e., intermediate nodes cannot XOR any packets), it



Figure 1: Leveraging inter-flow network coding in opportunistic
routing.

becomes opportunistic routing and requires 6.66 trangonissout-
performing single path routing and (worst-case) inter-fimtwork
coding by 20%.

the virtual traffic demands imposed on the underlay network.
Meanwhile, optimized underlay routing provides efficientla
reliable overlay links that the overlay network can takeaadv
tage of. The reason that inter-flow coding is put at the oyerla
network is that the optimization of inter-flow coding is much
simpler without packet losses, while opportunistic rogttar-
gets packet losses and is naturally to be placed at the ayderl
network, which involves lossy physical links.

Based on this framework, we formulate the problem of optimiz
ing end-to-end user performance as a linear program (LR )ofta

Challenges: The above example demonstrates the potential benetimizes total network throughput (or other linear funcgpmvhile

fit of inter-flow network coding in opportunistic routing. Mever,
harnessing this gain in practice poses significant chadienghere
exists astrong tensiorbetween opportunistic routing and inter-flow
coding. Opportunistic routing spreads information acrosstiple
nodes. As the information reaching an individual node isiced,
the inter-flow coding opportunity decreases because (iptiue it-
self receives less traffic and has limited coding choiced, (@hits
next-hops receive less traffic, making it hard to decoderdtbee it
is challenging to simultaneously leverage opportunigireviirding
to combat wireless losses and exploit inter-flow coding tog@ss
traffic.

Our approach: To decouple the strong interactions between oppo
tunistic routing and inter-flow coding, we propose a novahfe-
work to jointly optimize opportunistic routing, rate linmg, and
intra- and inter-flow coding. We introduce a novel abstattdy
making a wireless network consist of an overlay and undgnthgre
overlay nodes perform inter-flow coding aware overlay mmitivith-
out worrying about packet losses and underlay nodes peifdra:
flow coding based opportunistic routing without worryingabinter-
flow coding.

satisfying: (i) flow conservation constraints for the oagrhetwork,
(i) flow conservation and opportunistic constraints foe tinder-
lay network, (iii) constraints that map the traffic demanasf the
overlay network to the underlay network, and (iv) interfeze con-
straints. We then translate the optimization results irecical
routing configurations and design an optimized overlayetasp-
portunistic routing protocol@3) to harness the gains in practice.
We implementO3in Qualnet along with (i) shortest path routing
(SPP), (ii) SPP with rate limiting, (iii) COPE [8], a statéthe-
art inter-flow coding based routing, (iv) COPE with rate kimg,
(v) MORE [2], a state-of-the-art opportunistic routing foeol, and
- (vi) optimized opportunistic routing, which is also call&-Intra
since it isO3without inter-flow coding. Using Qualnet simulations,
we study the benefits of inter-flow coding, opportunistictiogiand
rate limiting, and find that (i) rate limiting is important & routing
protocols, (ii) the effectiveness of opportunistic rogtimcreases
with loss rates, but the effectiveness of inter-flow codiegréases
with loss rates, (iii)O3 significantly out-performs all the other pro-
tocols by simultaneously harnessing the gains of oppatigniout-
ing, inter-flow coding, and rate limiting.
Our main contributions are as follows:

» Overlay network:We designate a subset of nodes as overlay o A novel hierarchical framework, based on the concept of an

nodes and create an overlay network using them. Each traffic  oyerjay network, to effectively decouple the strong irdependency
demand is routed over one or more overlay paths. Nodes on the  henveen opportunistic routing and inter-flow network cadin
overlay path perform overlay forwarding. They may also use

inter-flow network coding to reduce the amount of overlag-tra
fic generated and use inter-flow network decoding to extheect t
original content. For example, given two packets, one fram fl
f1 and the other froni2, whose overlay paths acg — 0, — 03
andoz — 0, — 01 respectively, node, may XOR the two packets
and transmit the inter-coded packet. Nodesandogz perform
inter-flow decoding to extract the packets they want. Oyerla
links are considered reliable so that we can focus on opitgiz
overlay routes, overlay rate limits, and inter-flow codinghout
worrying about packet losses.

Underlay network:An overlay link may be mapped to one or
more physical links in the underlay network. The underlaty ne
work provides efficient and reliable overlay links by using o
portunistic routing to spread information across multifde
warders and letting them cooperatively forward the traffio.
prevent fine-grained coordination, each forwarder inddpaetly
generates random linear combinations of traffic from theesam
flow at an appropriate rate so that the destination can dttrac
original data after receiving enough linearly independeauk-
ets. Overlay traffic imposed on each overlay link (whethtarin
flow coded or not) is considered as a virtual flow to the ungerla
network. The goal of an underlay network is to jointly optaei
opportunistic routing and rate limiting of the virtual flowmsth-
out worrying about inter-flow coding.

Relationship between the tw@ptimized overlay routing uses
efficient overlay routes and inter-flow network coding toueel

e The first theoretical formulation that jointly optimizegén-flow
coding, opportunistic routing, and rate limiting.

e A practical routing protocol that realizes the optimizegop
tunistic routes with inter-flow coding and rate limiting.

e Extensive evaluation to show the effectivenesO& and the
relative benefits of inter-flow coding, opportunistic ragtj and
rate limiting.

Paper outline: The rest of the paper is organized as follows. In
Section 2, we survey related work. We give an overview of qur a
proach in Section 3. We present a theoretical formulatiothef
optimization problem in Section 4. We describe how to useoiie
timization framework to drive the design of inter-flow awagpor-
tunistic routing in Section 5, and present a practical rauprotocol

in Section 6. We describe our evaluation methodology antbper
mance results in Section 7. We conclude in Section 8.

2. RELATED WORK

Our work is related to both opportunistic routing and irftewy
network coding, which we review below.

Opportunistic routing protocols: ExOR [1] is a seminal oppor-
tunistic routing protocol. In EXOR, a sender broadcaststahbaf
packets with a list of nodes that can potentially forwardlit.or-
der to maximize the progress of each transmission, the foing
nodes relay data packets in the order of their proximity edésti-
nation. The proximity is quantified using the ETX metric [@hich



reflects the expected number of transmissions required lieede
a packet from the sender to the destination. EXOR imposies str
timing constraints and coordination among the forwardesvoid
redundant transmissions.

Since then, several other opportunistic routing protgcish as
[2, 12,16, 17, 32, 36], have been proposed. In particularRER]
applies intra-flow network coding to opportunistic routitagavoid
fine-grained cooperation among the forwarders and achggesi-
cant improvement over EXOR. However, the performance of MOR
degrades as the number of flows increases due to its lackedfrat
iting, as shown in Section 7.

A few other studiesd.g, [18, 23, 29, 30, 35]) propose optimiza-
tion frameworks for opportunistic routing. Our work diféefrom
these works in that (i) our optimization framework jointlgtomizes
inter-flow network coding and opportunistic routing, arijittie pri-
mary focus of the above works is theoretical analysis, wdmeoir
work goes beyond theoretical analysis and develops a pahotiut-
ing protocol.

Inter-flow network coding: COPE [8] develops a practical inter-
flow network coding scheme for unicast in multi-hop wirelest-

works. There are many follow-up works that enhance COPE. For,

example, [28, 5, 13] develop techniques to select routdsteate
more coding opportunities, [3, 27] jointly optimize netkaoding
and scheduling, [10] picks the modulation rate that takés -
count both coding gain and data rate, and [33] proposes aitpah
to XOR packets that have different modulations. Our workuigtb
upon [28]. Different from [28], we select coding-aware ogpais-
tic routes (instead of coding-aware traditional deterstiniroutes)
to achieve high performance in presence of wireless losses.
Researchers have mainly focused on applying inter-flow otw
coding to single path routing, where the routes are knoworbkef
packet transmissions. Harnessing the benefit of inter-flming in
opportunistic routing is more challenging due to uncettain the
final routes being selected. There have been a few prelignitar
tempts that try to exploit inter-flow coding in opportunistouting,

gies ([11, 34]) or compares only with COPE ([31]), and unterd-
ing the benefits of various protocols in general settingsaieman
open question.

Summary: It remains an open problem how to jointly optimize
opportunistic routing, inter-flow coding, and rate limgifor end-
to-end user performance. To solve this problem, it is necgd®
develop a systematic framework that captures the effeht tifese
components on network performance. We develop the first opti
mization framework to jointly optimize opportunistic rang, inter-
flow coding, and rate limiting, and design an opportunistiating
protocol based on it. In addition, we use extensive evalnatib
compare a diverse set of routing schemes, and examine tivedind
ual and overall benefits of opportunistic routing, rate ting, and
inter-flow coding. Moreover, compared with previous workg [
34, 31, 22], which report an average gain of 15-30% over COPE i
random topologiesD3 provides much higher gain over COPE. The
higher performance gain demonstrates the effectivenessrgbint
optimization framework.

. OVERVIEW

O3 operates in the following three steps: (i) selecting owerla
nodes and overlay paths (Section 5.1), (ii) mapping eachiaye
link into one or more physical links (Section 5.1), (iii) fly op-
timizing overlay and underlay routing, rate limiting, amder-flow
coding based on the traffic demands, overlay network, anchde
ping between the overlay and underlay networks (SectiorTAg
output specifies (i) how fast each source should generdfie t(&)
how overlay nodes should forward the traffecd, what is the over-
lay path used, which nodes perform inter-flow coding, and fztw
rate), and (iii) how underlay nodes should opportunistycairward
the traffic €.g, how many broadcast transmissions to make upon
receiving traffic from its neighbor).

In Section 4, we first present an optimization framework fidy, (

as evidenced by a few short papers [11, 31, 34]. They focus onl which takes overlay paths and mappings between overlay and u

on one aspect of the routing design — among multiple nodeésdha
ceive the data, which one to pick to actually forward the datey
use EXOR-style opportunistic routing, and impose stricwrd-
ing order, which requires significant co-ordination andtgspatial
reuse. Only [22] considers the use of intra-flow coding as @RE
to avoid duplicates without coordination. However, it rgoizes the
significant challenges of applying inter-flow coding to gethep-
portunistic routing, so it only supports opportunisticaptons over
a single path. This significantly reduces efficiency undssydinks

derlay networks as input and outputs the optimized ovedatimg,
underlay routing, rate limits, and inter-flow network caglinThe
output is optimal when the input enumerates all possiblelaye
paths and maps each overlay link to the entire underlay m&two
(i.e. lets each overlay link use any underlay link for routingpwi4
ever, this optimization problem may incur significant corapion
cost due to a large number of optimization variables. IniSed,
we describe our approach to improve scalability for (i) aid (t
reduces the size of the optimization problem by selecticalyos-

(e.q, it behaves as COPE in the example in Figure 1 and requiresng overlay paths and mapping each overlay link to a smaksub

6 transmissions in the best case). Moreover, it does notafeee
routing protocol and only uses numerical estimation of theber

of transmissions based on the assumptions of a 1-packet fitthw w
perfect acknowledgements, which make comparison hard.

In short, the existing works have four major limitations.rdfj
they use pre-existing opportunistic routing protocolsduote their
data and do not select their opportunistic routes in an -iiter
coding-aware manner. Second, these heuristics try to eethec
number of transmissions but do not directly optimize enéd
performance. The number of transmissions has been shovavéo h
limited predictive power on end-to-end performance [15/8)ar-
ticular, COPE [8] shows that even in a simple 3-hop topoldgy t
coding gain (e, the reduction in the number of transmissions) is
very different from the MAC gaini(e., the improvement in through-
put). Third, in order to limit the overhead of opportunistouting,
they restrict forwarding node selection, which limits théer-flow
coding opportunities. Fourth, their evaluation eithersusg topolo-

of underlay links.

Before delving into the details of each step, let us first gough
a simple example shown in Figure 1, which has two flows in oppo-
site directions. Suppose we select nodes A and D as overtissno
meanwhile we choose AD as an overlay path for flow 1 and choose
DA as an overlay path for flow 2. Then in the overlay networldeo
A sends to node D via the overlay path AD, and node D sends to
node A via the overlay path DA. There is no inter-flow codingcsi
there is no intermediate overlay nodes in this case. If therlay
link AD is mapped to the entire physical network as an ungerla
the underlay network is responsible for sending traffic fowffl
from node A to node D using opportunistic routing on the entir
underlay network. Similarly, if the overlay link DA uses thgtire
physical network as the underlay, then the correspondirmig sy
network is responsible for sending flow f2 from node D to node A
using opportunistic routing. So essentially each undemketyvork
tries to carry the traffic imposed by the corresponding @yelihk |



fromsrc(l) todestl), wheresrc() anddest) denote the source and
destination of the link, respectively.

Alternatively, we may select nodes A, B, C, D as overlay npdes
and choose AD, ABD, ACD as overlay paths for flow 1 and DA,
DBA, DCA as overlay paths for flow 2. Then in the overlay net-
work, node A splits its traffic across the three overlay paitword-
ing to the optimization output. So does node D. Node B may XOR
flow f1's traffic sent on ABD with flow 2’s traffic sent on DBA,
and the fraction of inter-flow coded traffic is determined bg bp-
timization output. Similarly for node C. As before, the uridg
network is responsible for opportunistically routing diettraffic
imposed by the corresponding overlay link, where the imgdsa-
fic can be either inter-flow coded or not.

4. PROBLEM FORMULATION

Based on the overlay framework, we derive an linear program

(LP), which consists of the following four components: (@vl con-

servation constraints on the overlay network that can use-flow

coding, (ii) flow conservation and opportunistic consttsion the
underlay network that uses intra-flow coding based opptien
routing, (iii) constraints mapping traffic demands from therlay

network to the underlay network, and (iv) interference ta@ists to
prevent interfering links from being active simultanegudlhe key
challenge in this formulation is to accurately capture ttieractions
between the overlay and underlay networks. Below we desthi®
formulation in detail.

4.1 Optimization Objective

Our framework is general and can optimize any linear fumctio
We focus on the most common metric: maximizing total threugh
put, namelysep S pepg FX(P), whereD is the set of traffic de-
mands,fK(P) is thek-th flow’s throughput over patR, andP< is
the set of paths used by theth flow. Alternatively, we can sup-
port (i) maximizing a linear approximation of proportiofairness,
defined asycplog(s pepg FX(P)), which strikes a good balance
between fairness and throughput [24], (ii) maximizing trexfion
of demand that is served from each flow,, o - Dy, wherea - Dy is
the lower bound of throughput for theth flow, or (iii) maximizing
total revenue if the revenue is a linear function of throughp

4.2 Overlay Network Constraints

The route on an overlay network must satisfy flow conseraatio
We derive the flow conservation constraints by applying regdi
aware optimization for single path routing, as described2Bj.
The main difference from traditional flow conservation igeirflow
coding allows an intermediate node to deliver differenbinfation
to different neighbors using the same transmission. Thezefie
need to classify traffic into native.€., without inter-flow coding)
and inter-coded, and derive the constraints based on fffie type.
Specifically, Ie1z|k(P) denote the amount of native traffic transmitted
by nodei for flow k over pathP. Let x;(el,e2,n) denote the amount
of traffic received from linkel as native traffic and transmitted by
nodei over link e2 as inter-flow coded, anxj(el,e2,c) denote the
amount of traffic received from linkl as inter-flow coded traffic
and transmitted by nodeover link e2 as inter-flow coded traffic.
We call (e1,e2,n) and (el,e2,c) coding structures Let CSdenote
the set of coding structures in the network. We have thevollo
ing flow conservation constraints under inter-flow netwookiing,
whereel is nodei’s incoming link ande2 is nodei’s outgoing link.

® 3 (e1,e2n)ecsX(CS < Tkeb Yetereppeps Zhel)(P)- This says
that the transit traffic participating in coding aative-received

at nodei is bounded by the total native traffic received from
t(el), which is the transmitter of link1.

Z(el,ez,c)eCSXi (CS) < 2 keD ZeleZeP.PePS‘[fk(P) _z:((el) (P)] This
reflects that the total traffic that participates in codingaded-
receivedat nodei is bounded by the amount of traffic received
as coded at node

SkeD S ete2eppepg FX(P) = Sked Setereppeps Z(P) +

Y (e1e2,n)ecsXi (CS + 3 (e1.e2.0)ecsXi (CS). This indicates the to-
tal traffic received from linkel and transmitted over link2
by nodei must be one of the three types of traffic: (i) traf-
fic going out as native, (ii) traffic participating in coding a
native-received, and (iii) traffic participating in coding coded-
received.

z‘érc(k)(P) = fK(P), whereP € PS. This indicates a flow source
src(k) transmits all traffic as native over every path.

Z(P) < fK(P), wherei € P— {src(k),dst(k)} andP € PS. This
indicates that the amount of native traffic transmitted yaadit
node is bounded by the total traffic on the pBth

4.3 Underlay Network Constraints

The goal of the underlay network is to use opportunisticinmut
to efficiently and reliably route the traffic demands impobgdhe
overlay network. The traffic includes either an original fldvwor
inter-flow coded traffic between multiple flows. For conveuie,
we denote either original or inter-flow coded trafficpdgysical flow
pf. Then every combination of overlay linkk and physical flowp f
is considered as wirtual flow, denoted by(vl, pf). For example,
consider 3 physical flows in the overlay networkl, 2, f1+ f2.
The virtual traffic demands on the underlay network are; —
0j,f1>,<0 —0j,f2>,< 0 —0j, f1+ f2 >, whereo —0j de-
notes any overlay link. Lesrc(vl) anddes{vl) denote the source
and destination of the overlay link. The underlay network uses
optimized opportunistic routing to efficiently route theygical flow
pf from src(vl) to desivl).

Underlay flow conservation constraints: To ensure valid oppor-
tunistic routes on the underlay, we first derive flow consgoma
constraints for each virtual flow. Different from traditainflow
conservation, the flow conservation constraints of the tagenly
apply to the amount of information (non-redundant usefthyian-
stead of traffic due to packet losses. éwl,pf,i,j) denote the
information transmitted from nodeto node| for the virtual flow
(vl,pf).
e Y (vl,pf,k,src(vl)) =0 for any nodek. This enforces no incom-
ing information tasrc(vl) for a virtual flow(vl, pf) sincesrc(vl)
is the source of the virtual flow.

e Y(vl,pf,desivl),k) = 0 for any nodek. This enforces no out-
going information frondesi(vl) for a virtual flow (vl, pf) since
desiVl) is the destination of the virtual flow.

For any transit node## src(vl) andi # des{vl),

Zkein(i)Y(VL pf.ki)> Zjeout(i)Y(VL pf,i,j), wherein(i) and
out(i) denote nodé&s incoming and outgoing neighbors, respec-
tively. It ensures that the incoming information to ndads no
less than the outgoing information fram

SkY (v, pf,src(vl),k) <NR(VI, pf). This denotes that the amount
of information successfully delivered froerc(vl) to nodek is
bounded by the virtual flow’s traffic demand, denotetN&§vl, pf).

Underlay opportunistic constraints: Next we capture the relation-
ships between the amount of traffic and the amount of infaonat



delivered on the underlay network. We formulate these im#lat
ships using the following opportunistic constraints, vendre first
one captures the relationships for a given virtual flow wtiike next
two constraints capture the relationships for a physical filbat
spans multiple overlay links from the same overlay sourcée T
latter constraints are necessary because we allow an p&ace
to broadcast traffic over multiple overlay links simultansly and
let all downstream node(s) derive information from the sarals-
missions. Therefore we need to ensure the total informaléoived
across all overlay links and across all downstream nodes doe
exceed the amount of successfully received traffic.

o Virtual flow opportunistic constraintS(i, a( (i)) T (vl, pf,i)
> Tkenc (i) Y(VI, pf,i,K), wherea( (i) denotes a subset o neigh-
bors,S(i, 2 (i)) is the probability of successfully delivering traf-
fic to any node im( (i), andT (vl, pf,i) is the amount of traffic
transmitted from nodé on overlay linkvl for flow pf. This
constraint indicates for any virtual flowl, pf) the total traffic
successfully delivered to at least one neighbonifi) should
be no less than the total amount of non-overlapping informa-
tion delivered toa( (i). Wheni has many (sayK) neighbors,
enumeratingy( (i), all subsets of neighbors, is costly. For scal-
ability, whenK > 3, we enumerate the neighbor sets of size 1,
size 2, and the one containing &fl neighbors ie., enumerate
only O(K?) instead 0f0(2%) neighbor sets).

Physical flow opportunistic constraint ¥i, k)MaxT(pf,i)

>3 ix)ev Y (VI, pf.i,k), whereMaxT(pf,i) is the total overlay
traffic nodei sends for physical flowp f over all overlay links.
Due to the broadcast nature of overlay traffie.( an overlay

node can use a single transmission to send a packet alonig mult

ple overlay paths by including all the overlay paths in thekea
header)MaxT(pf,i) = max, T (vl, pf,i). These constraints to-
gether enforce that total information delivered fromo k over
all virtual links is bounded by the total traffic successfuleliv-
ered from node to k for the physical flowpf.

Physical flow opportunistic constraint 2: This constraintlier
ensures that the total amount of information delivered toka s
set ofi's neighbors, denoted ag (i), over all virtual links is
bounded by the product o5 traffic and the probability of suc-
cessfully delivering to at least one neighbomir(i):

S(i, (i) MaxT(pf,i) > z Y (vl, pf,i,k).
ke (i) (i,x)evl
To improve scalability, we use the same enumeration praeedu
as in constructing the virtual flow opportunistic consttain

4.4 Constraints Relating Overlay to Underlay
To relate the overlay to the underlay network, we derive tte f
lowing constraints. The first two constraints relate théfitrale-
mands of the virtual flow with the overlay traffic, and the lesh-
straint ensures the virtual flow is serviced by the underktyvork:

e NR(vI,pf) = zWepz‘gm(vl)(P), where pf = (nativek). This
reflects that the traffic deman®\R, for a native virtual flow
(vl, pf) is equal to the amount of native traffic fldnsent over
the virtual linkvl.

o NR(VI, pf) = JyicpXsreqvi) (CS), whereCSthe is coding struc-
ture andpf = (codedCS). This indicates that the traffic de-
mand for a coded virtual flovl, pf) is equal to the coded traf-
fic sent using the same coding structure.

o NR(VI, pf) = Y cin(destv)) Y (VI, pf, k. des(vl)), which indicates
that the traffic demand for the virtual flowl, pf) is honored by

the underlay network,e., the traffic deman®R(vl, pf) is suc-
cessfully delivered talesivl).

4.5 |Interference Constraints

Finally, we impose interference constraints for the traffant
on the physical network, since this is the actual trafficgmaitted.
Based on the network topology, we construct a broadcasticonfl
graph. Specifically, two transmitters are considered te ltanflict
if either of the following conditions holds: (i) the two tramitters
are within carrier sense range of each other, or (ii) oneivecés
within the interference range of the other transmitter. Wéntfind
independent sets in the conflict graph and derive the fotigvim-
terference constraints that indicate the total activityetiof a node
is no more than the sum of activity time of all the independsais
that the node belongs to.

e Let MT; denote the total traffic from nodelf nodei is an over-
lay node, we havéMT; = 5 5y max, T (v, pf,i); otherwise we
haveMT; = ¥ ¢ Sv T(vl, pf,i). The reason for such a distinc-
tion is that the overlay node uses the broadcast nature of the
wireless medium to transmit over multiple overlay links slm
taneously by including these overlay links in its packetdeza
In comparison, underlay nodes forward for a specific overlay
link and thus an underlay node needs to separately forward fo
each overlay link included in the received packet's header.

For every node, MT; < Cap e, Ak, whereCap is nodei’s
broadcast data rat§, denotes the independent sets that niode
belongs to, andy denotes the activity time of independent set
k. This constraint enforces the total traffic sent by any nade i
bounded by the sum of the activity time of the independerst set
that the node belongs to scaled by the wireless capacity.

SkAk < 1 because only one independent set can be active at a
time.

5. USING OPTIMIZATION FRAMEWORK

In this section, we describe how to obtain the inputs regue
the optimization and how to translate the optimization itssato
routing configurations.

5.1 Obtaining Inputs

Our optimization algorithm requires the following inputset-
work topology, traffic demands, overlay paths, and mappiogf
overlay to underlay network resources. The network topolan
be obtained easily through periodic measurements. As tepaor
[6, 14], wireless traffic exhibits temporal stability, ane wan es-
timate current traffic demands based on previous demandss, Th
here we focus on the latter two inputs. Our optimization feamrk
in Section 4 is flexible and can easily take inputs generayeather
overlay path selection and overlay/underlay mapping élyois.

Selecting overlay nodes:One way is to let every physical node
serve as an overlay node. This leads to the best performdnce a
the cost of higher computation time, since the computatast -
creases with the number of overlay nodes. Therefore we want t
limit the number of overlay nodes. Since only intermediatertay
nodes perform inter-flow coding, our goal is to select owenlades
with high coding opportunities.

To achieve this goal, for each flofg we order the nodes on its
forwarding list according to the coding opportunities. Vétirmate
the upper-bound of the coding opportunities as given by

mln(T(fkvl)ED(mln(T(fkvl)T(flvl))))v ()
j€



where f # fj and T (fy,i) is total traffic transmitted by nodefor tual information to be exchanged is well below the above wase
flow fx. Equation (1) is derived based on the fact that the rate of(e.g, only a few KB for a 25-node network in our simulation).
inter-flow traffic between two flows is bounded by the minimwater Instead of centralized computation, the computation catone
of these two flows. Thereforein(T (fy,i), T(fj,i)) gives anupper-  inadistributed fashion, similar to link-state protocokelOSPF [21],
bound on the amount of traffic that can be inter-flow coded betw  where every node implements the same algorithm over the same
f andfj, and Equation (1) gives an upper-bound of total traffic that data to arrive at the same results. The amount of link stétenma-
can be inter-flow coded betwedpand all the other flows. For every tion is very small. The optimization is executed either péically
flow, we pick the top three nodes from the sorted list as thelaye  or upon changes in network topology or traffic conditionse €bm-
nodes. When the upper-bound is the same, we use the amount pfitation time is reasonable.f, around 3.6 seconds for 4 flows in
traffic sent in either direction to break ties. 25-node random networks used in our evaluation). To furémer
hance scalability, when the inputs change slightly, we emarage
incremental LP solvers, such as Ip_solve_inc [7], to takeathge
of incremental changes in the linear constraints and mdigesftly
derive a solution to the new LP rather than solving it fronasn.

In addition to optimization based on the global informafias
part of our future work, we are interested in applying decosip
tion techniques developed for distributed convex optitnira(e.g,
[9]) to solve the optimization based on decentralized imfation to
further enhance the scalability.

Selecting overlay paths: After selecting overlay nodes, we then
generate overlay paths for each flow. Each flow contains at lea
one overlay path directly from the source to the destinatand
this overlay path is mapped to the entire underlay netwodasure
the solution is no worse than opportunistic routing, whigla ispe-
cial case of03. If this is the only overlay path between the source
and destination®3 becomes opportunistic routing alone, since this
overlay path does not involve an intermediate node and ikare
inter-flow coding.

To leverage inter-flow coding, a flow may contain other owerla . . .
paths going through one or more intermediate nodes. Forfeaeh ~ 9-3  From LP Output to Routing Configurations
we identify the overlay nodes (selected in the previous)stiegt The optimization results specify the desired sending rfatdsoth
are on the flow's forwarding list, which includes the flow soair  inter- and intra-flow coded traffic. A flow sourééransmits at the
and destination. We enumerate all possible overlay patlvin  rate ofmax, T (vl, pf,i) for its flow pf. An intermediate node uses a
ing these nodes, where their order on the overlay path isdbase  credit-based scheme to enforce its forwarding strateggrdow to
their ETX [4] (i.e., the number of required transmissions to deliver the derivedT (vl, pf,i), wherepf can be either inter-flow or intra-
a packet) to the destination. flow coded. Specifically, underlay nodes do not care aboet-int
flow coding and simply forward traffip f according tor (vl, pf,i).
Overlay nodes perform inter- and intra- encoding and dexpds
specified in Section 6.1. Since the exact rate of sending-flue
coded traffic at an overlay node depends on traffic dynamiddsan
hard to enforce, we convert the desired traffic rates int@ifiow
credits and use inter-flow coding whenever an opportunityear
Note that our credit computation is different from [2] duestgnifi-

Mapping overlay network to underlay network resources: The
goal of this step is to map each overlay link to one or more ighys
links. Only the physical links, to which the overlay link isapped

to, can potentially be used as part of an opportunistic robie
whether these physical links actually participate in opjuistic
routing and how much traffic they each route depend on the opti

m'éit'eonor::iléllteorfni‘e Fi)r:o?lsetrg Igr;naugﬁtg\%nasﬁﬁ;(og i‘n allicays  @nt difference in the two routing protocoks.g, O3 needs to com-
P pping y P oy pute overlay and underlay credits, whereas [2] has only gpe t

nodes and links. To enhance scalability, we treat an ovéiriky - - . ;
01— 02 as a virtual traffic demand and use MORE to select nodesOf credit). Below we specify credit computation for undgrtand

: X : . overlay nodes based on the LP output.
gnd links 10 be mcluded n th? “r.‘de”ay network. Speufy;que The credit is defined as the number of transmissions thatghou
find the forwarding list for this virtual flow fronmol to 02 using

MORE. The overlay link then uses all nodes on the forwardisig | be generated for every received packet. Upon receiving kepae

as underlay nodes, and uses physical links between thess aed node increments its credit. When this credit becomes gréaaa
underlay links. The intuition behind this mapping is thaiki on or equal to 1, it generates a transmission and then decrertsnt

o o credit by 1. This process is repeated until its credit godevbé.
the opportunistic routes are most useful for forwardinffitrérom Based on this credit definition, we can compute credit as dhe t

ol too2. tal desired sending rate divided by the total receiving.r&eedit
. .. . information is then stored as the following tuplest, P i, credit)
5.2 Executing Optimization for overlay nodes(f,vl, prev(i),i, credit) for underlay nodes’ intra-
The optimization can run at a central location that distesithe  coding credits, andvl1,vI2, preui),i,credit) for underlay nodes’
optimization results to all nodes. The amount of informatio dis- inter-coding credits, wheré is the flow id,P is the overlay path id,
tribute is small compared to data traffic. Specifically, theuit in- i is the node idyl is the overlay link id,preVi) is the previous hop

cludes traffic demands, link loss rates, and the conflictigraybich of nodei in the underlay networkyl1 — vI2 is the overlay segment
are O(F), O(E), O(E?), respectively, wheré is the number of  andpreu(i)—i is an underlay link that is responsible for forwarding
flows andE is the number of physical links. Among these three traffic for the overlay segment.

terms, O(E?) is a dominating term, so the input requir@$E?). We first compute underlay credits. Upon receiving a transmis
The output includes overlay and underlay credits, whichCH{@N - sion from nodej, underlay nodd increments its credit by x
F-P) andO(N-D-F-OE) + O(N-D- OE?), respectively, where R, whereC reflects the fraction of useful information contained in
ON is the number of overlay nodebl is the number of physical each transmission from nodg andR reflects the amount of re-
nodes,P is the number of overlay pathB, is the number of physi- dundancy nodé should include to compensate for loss to its for-
cal neighbors, an®E is the number of overlay links. Therefore we warders. Therefore, we hawe = Y (vl, pf, j,i)/(TC(vl, pf,j)
can tradeoff between the wireless performance and the Sia®oo (1—losgj,i)), where its numerator is the amount of information
mation to be exchanged by controlling the number of overtzdes received and its denominator is the amount of traffic reckiead
and links. Moreover, only non-zero credits need to be exgbdn  their ratio gives the amount of information contained in eefeed
From our experience, a large majority of credits are zertieamt-  packet.R=T(vl, pf,i)/ Tk Y(vl, pf,i,k). R's numerator is the de-



sirable sending rate, its denominator is the total inforomasuc-
cessfully delivered to its forwardetss, and their ratio indicates
how much traffic to generate in order to deliver one-packetttwo
information toi’s forwarders.

Next we compute overlay credits. Upon receiving intra-fleded
traffic, an overlay nodeincrements its credit for a given pafthand
flow f by

7'(P)

T, f i) —
JPR:ieR Zipf(Pl)

where the second term in the product is how much fraction ef na jnira-coded packets for bat¢fi1, bl)

tive traffic nodei received along virtual linkil is for pathP, and
the product indicates the total amount of native traffic nembover

vl for pathP. Upon receiving inter-flow coded traffic, an overlay
node increments its credit associated with the intra-flovolied
by (24,1, (P) — 2" (P)) *NSRi, vI), where the first term in the
product indicates how much inter-flow coded informationtis@de

Elimination to decode the entire batch when it il innovative
(i.e. linearly independent) packets.

The goal of inter-flow decoding is to extract intra-codedkegs,
which in turn can be used to extract the original packets ften
batch. For example, if a node has everything fridr, bl), then re-
ception of an innovative inter-coded packet witi, bl) + (f2,b2)
(i.e. linearly independent of the other inter-coded packetsyal
us to extract one intra-coded packet {di2,b2) using Gaussian
Elimination. More generally, if the inter-coding matrix naank
r, then we can use Gaussian Elimination to extraeir — K1, 0)
intra-coded packets for batdti2,b2), and extracmaxr — K2,0)

To support intra- and inter- decoding, a node maintaingairand
inter-coding matrices, which store the coefficients usallithe in-
novative packets. The main design issue in the decodingitiigo
is how to handle interactions between the intra-coding aekr-
coding matrices. To simplify the encoding and decoding @se¢
we maintain all the information in the intra-coding matffittiere is

i andNSRi,vl) is the expected number of transmissions requiredno inter-coding matrix involving the batch; otherwise weénfor-

to successfully deliver a packet to oneisfforwarders and can be
computed as

vke fwd(i)

1.0/(1.0— losg(i, k),

assuming independent packet losses at different nodese vivel(i )
denotes nodgs forwarding list. For example, if nodds an overlay
forwarder forf1, upon receivingd 1+ f2, it incrementsf 1's credit
as described above.

6. PROTOCOL SPECIFICATION

We now describe how to achieve a practical routing protdog|,
based on the optimization results. In this section, we firesgnt
the algorithm to perform joint inter-flow and intra-flow emtog
and decoding, and then describe the behaviors of flow squdess
tinations, and forwarders.

6.1 Packet Coding Algorithm

mation in both intra-coding and inter-coding matrices. \Keat
intra-coding constraints from the inter-coding matricesenever
possible and add it to the corresponding intra-coding magpecif-
ically, when a node receives a packet, it uses the packeeh¢ad
determine whether it is intra-coded or inter-coded. Anartoded
packet should be added to the intra-coding matrix involving
batch to which the packet belongs, as well as to the inteingada-
trix, if the batch is involved in inter-coding. An inter-ced packet
is first added to the inter-coding matrix, from which we egtran
intra-coding constraint if its rank is large enougle ( exceeding ei-
therK1 orK2). If the packet is the first inter-coded packet for the
batch pair, we (i) create an inter-coding matrix, (ii) cope intra-
coding matrices to the inter-coding matrix if one or moresexso
that the inter-coding matrix maintains all the intra-flovicirmation
obtained so far), and (iii) add the new packet to the intefiogp
matrix.

To reduce storage cost, we identify active batches as thescin
Section 6.2 and store coding matrices only for the activeHezst.
The intra-coding matrix can be removed immediately wherctire

We use random linear coding to code packets within the sam@esponding batch becomes inactive, while the inter-codiragrix
flow and use XOR to code packets across flows. In our implementacan be removed only when both batches in the matrix beconse ina

tion, we inter-code up to 2 flows, the common case for intelirap
Our coding algorithm is general and can code more flows atteehig
computational cost. Below we present the detailed algmsth

Encoding: To code intra-flow data, a flow soursec(f) divides
user traffic into batches, as in MORE. Each batch Kgsackets,

whereK is a tunable parameter to trade-off between batching over-

head and delay. When the MAC is ready for transmisssaai,f ) or
its forwarder, generates a random linear combination giadkets
it has from the current batch and broadcasts this packet. efée r
to such a coded packet asiatra-codedpacket. To code inter-flow
packets from two batches, denoted(&%,bl) and(f2,b2), a node
first generates an intra-coded pacReusing a random linear com-
bination of all packets iif1,b1), and similarly generates pack@t
from (f2,b2). Then it XORs packet® andP, to create annter-
codedpacket.

Decoding: Each incoming packet yields a linear constraint. If the
incoming packet is intra-coded from batthl, b1) with batch size

of K1, the constraint involveK1 variables in(f1,bl). If the in-
coming packet is inter-coding ¢f 1,b1) and(f2,b2), whose batch

tive. In our evaluation, storage per node is 300 KB for 16 flows
25-node random topology spanning 1000x166Q which is easily
affordable for today’s hardware.

6.2 Flow Sources and Destinations

A flow source,src(f), neverperforms inter-flow encoding and
only generates intra-coded packets at the rate computelieblyR.
Each packet generated by the( f) or intermediate forwarders in-
cludes all the overlay paths that the packet may traversettand
current overlay link associated with each overlay path. theur
to facilitate the decoding of any inter-coded packets inftitare,
src( f) saves the intra-coded packet it transmits in its buffer tmei
corresponding batch becomes inactive.

In MORE, sr¢( f) continues transmitting packets from the current
batch until it receives an ACK for the batch. This incurs ffigant
stop-and-wait overhead. To reduce such overhead, a large iae
K would be beneficial. However, to effectively support inflem
coding, we prefer a small batch size, since a node can staaicéx
ing a new intra-coded packet only when the rank of the inbalirg

sizes ar&K1 andK2, respectively, this inter-coded packet gives one matrix exceed¥. The larger the value ok, the lower the inter-

constraint involvingK1+ K2 variables for these two batches.
The goal of intra-flow decoding is to recover the original lgete
from the batch. For the batch sizel¥i, a node can use Gaussian

flow coding opportunity. To efficiently support a smallerdiasize,
we allow a flow source to send multiple batches before rengivi
an ACK. The destination generates an ACK either when aneentir



batch is received or when a threshold number of new packetear packet. Otherwise, it inserts the coding coefficient inte torre-
ceived since the last ACK. The ACK contaifmin-active-batch-id,  sponding inter-coding matrix and waits for future extraotof an
active, status)wheremin-active-batch-ids the id of the smallest intra-coded packet. This wait time is bounded by a threstafter
active batchactiveis a bit map indicating if the batches have been which the packet is garbage collected.
ACKed (.e, a batch is active if it has not been ACKed) and status isynderlay node operation: The goal of an underlay forwarder is to
an array indicating the number of innovative packets reeby the  forward traffic for the current overlay link using opportstit rout-
destination for each active batch. The source uses thisnmfiion  jng. |t Jooks up its corresponding credit increment tablecas-
to schedule transmissions from different batches in a FIFR0  pyted in Section 5.3, generates forwarding records acugtdithe
and the forwarders use the information to remove inactivehs. credit, tags each record witmder-fwd(to prevent them from per-
6.3 Forwarders forming inter-flow coding), and inserts them into the outqueue.
In this subsection, we describe two major tasks of a forwarde Note thatthe processing is similar for inter-flow and irflaw coded
(i) processing a received packet and (i) generating amstnétting ~ Packets. The only difference is that a different creditéablcon-

a packet when the medium is available. sulted to determine the number of forwarding records to ggae
Receiving Generating forwarding records: To handle multiple outstanding
apkt oot e batches and multiple overlay paths per flow, a forwarder miy o

QLers maintains a flow creditiow, (f, p) for each combination of flovi

and overlay pattp but also maintains a batch crebtchy (b, f, p),
e o whereb is the batch idflow,, determines the transmission rate for
based on credit a given flow over a given overlay path, ahdtch, determines the
transmission rate for a specific batch. When receiving agiagke
update all the flow and batch credits that matchandVvp € ov-set
Anode generates a record for fldvas long asnax, (flow, (f, p)) >
Senoraic fadecord 1. The record includes all overlay patpswith flow, (f,p;) > 1.

Extract
intra-flow

Increment

Underlay credit tagged with under-fwd To handle multiple batches, a record is generated from thehba

based on credit

with the largest batch credit over all overlay paths, i.e, ldrgest

¥ peosbatchr (b, f, p), where OS is the set of overlay paths the

current packet should be sent on. After constructing thertgc

6.3.1 Process a received packet an overlay forwarder tags it witbv-fwdwhereas an underlay for-
) warder tags it withunder-fwd In both cases, the forwarder inserts

Determine whether to perform overlay and/or underlay forward- the generated record to the FIFO queue, decrements thepong:

ing: As shown in Figure 2, upon receiving a packet, a node firstjng fiow,, andbatch, values by 1, and continues generating new
checks if it is an overlay and underlay forwarder for this kec forwarding records until théowe, drops below 1.
It does so by inspecting the set of overlay paths/links itetlin

the packet. A node is an overlay forwarder foriatra-flow coded 6.3.2 Transmit when medium becomes available
packet ifitis on at least one of the overlay paths in the pelokader, When the medium is available, the node dequeues forwarding
and is an overlay forwarder for anter-flowcoded packet ifitisan  ecords from its queue and generates a corresponding peaket
overlay forward.er for eith.erfl or f2. In either case, [t invokes  transmission. More specifically, the forwarder dequeuesfitist
overlay forwarding operation. A node then checks if itis ader-  forwarding record(f1,b1,0v-setlfrom its queue and if the record
lay forwarder for this packet in a similar way. If it is, it iokes s tagged withunder-fwg it generates a random linear combination
underlay forwarding operation. Note that it is possibledanode  f 5] packets corresponding to flofid and batctbl and transmits
to perform both overlay forwarding and underlay forwardiagthe i |t the record is tagged witbv-fwd which indicates it is eligible
same packet. If a node is neither an overlay nor underlaydater o inter-flow coding, it searches for another record frosgteue
for a packet, it simply drops the packet. (f2,b2,0v-set2that can be inter-flow coded with the first packet.
Overlay node operation: An overlay forwarder is responsible for If a match is found, the node dequel®@2,b2,0v-set2)inter-flow
forwarding traffic to the next overlay node along the overnpayh codes the two packets, and includes-6et] ov-set? in the packet
and performing inter-flow encoding and decoding wheneveesie  header to indicate the packet should be forwarded alongatiesp
sary. For an overlay node, if it receives an intra-flow codackpt, it in ov-setlandov-set2 Then it broadcasts the resulting inter-coded
looks up its credit table computed based on the optimizaenlts  packet. If no match is found, the nodes generate an intraecod
as described in Section 5.3 to determine how many packeenth s  packet from flowf1 and batctbl, includesov-setlas the overlay
Instead of generating actual packets for transmissiorenegates  path, and sends it out.
forwarding records (one for each packet to be sent out), evtier To check if two packets can be inter-flow coded, we examine the
record specifies the flow, overlay path(s), batch, and theeating positivex; (defined in Section 4.2) values from the LP to determine
mode of the packeg(g, whetherov-fwdor under-fwd. The actual ~ the combinations of overlay nodes and overlay paths thatrare
packets are not generated until the medium becomes awilabl  volved in inter-flow coding. We store these values in a lootalpe
transmission. Delaying packet generation until transimisallows at each node. Two packd®d andP2, containing the set of overlay
us to make up-to-date intra-coding and inter-coding densi pathsov-setland ov-set? respectively, can be inter-flow coded if

It then tags the generated records vathfwdto indicate they are  and only if for eaclovl € ov-setlandov2 € ov-set2 there exists an
eligible for inter-flow coding, and inserts them into the gegwhich entry in the lookup table indicating we can inter-cané andov2.

Figure 2: Steps involved in processing a received packet aha
intermediate node.

will result in packet generation and transmission when tieeiom To enhance inter-flow coding opportunity, we introduce tweugs
becomes available. Qinter 2andQintra, Where packets froMinra are usually sent out as
If it receives an inter-flow coded packef{f1,bl, f2,b2), it first intra-flow coded, and packets fro@n.er are sent out as inter-flow

checks whether it can extract an intra-coded packétf @fbl) or codedwhenevelpossible. Based on the LP output, we compute the
(f2,b2). If so, this reduces to the case of receiving an intra-codedratio of inter-flow versus intra-flow coded traffic, and irtspack-



ets into these queues according to these ratios. We alsoi@ssa
timeout with every packet iQinter. Once the medium is available
for transmission, we poll the first packet fra@mier, denoted a®,
and searches for another packet to inter-code Riitst from Qinter
and then fronQjntra. If found, we send out the resulting inter-flow
coded packet immediately. Otherwis®i§ associated timer has not
expired, wensteadsend out the first packet fro@intra. When the
timer expires, we send od even if it cannot be inter-flow coded
with another packet to limit its delay.

7. PERFORMANCE EVALUATION

In this section, we first describe our evaluation methodglegd
then present performance results.

7.1 Evaluation Methodology

We implementO3 and the following protocols in Qualnet 3.9.5
and conduct extensive simulation to compare their perfonaa

1. Shortest-path routing (SPP) using the ETX routing metviich

03 | O3Intra | MORE | COPE | SPP-RL [ SPP
2-hop Linear | 3.45 2.98 2.78 2.84 2.56 1.78
Diamond 1.50 1.11 0.91 0.47 0.47 0.40

Table 1: Total throughput (Mbps) for the topologies in Figure 3

under grid topologies are similar to the other topologiégytare
omitted in the interest of space.

In 802.11a, each sender uses a transmission power of 10 dBm
(Qualnet default) and a fixed PHY rate of 6Mbps, which give@n23
communication range and 158&arrier sense range. In 802.11b,
each sender uses transmission power of 15dBm (Qualnetlgjefau
and a fixed PHY rate of 2Mbps, which gives 162Zommunication
range and 3100 carrier sense range. We can certainly use another
data rate for evaluation and expect similar relative pentorce. We
compute the conflict graph by using these range values tondiete
if two links or nodes interfere.

Nodes are placed in a 1000x1060area for 802.11a, and in a
2500x2500n area for 802.11b. In addition, we extend Qualnet to
generate directional inherent packet losses. For theagstipolo-

minimizes the total number of expected transmissions from agdi€s, the loss rates are based on the traces. For the sgrithpdlo-

source to its destination [4].

2. Shortest-path routing with rate-limiting (SPP-RL), 8&me as
SPP except the flows’ sending rates are optimized using the co
flict graph interference model as in [14].

. COPE, a state-of-art shortest path routing protocol vwitér-
flow network coding.

cept that the flows’ sending rates are optimized using thélicon
graph model.

. MORE, a state-of-art opportunistic routing protocol.

. Optimized opportunistic routing, also call&®-Intra, since it is
the same a®3 except that it disables inter-flow coding.

O3Intra improves MORE by optimizing opportunistic routingca
rate limiting. To our knowledge, this is the first paper that e
tensively compares single path routing, opportunisticingy and
inter-flow coding with and without rate limiting. The evatiom
allows us to not only understand the performanc®8but also ex-
amine individual benefit of inter-flow coding, opportunistouting,
and rate limiting.

Since SPP uses unicast transmissions, SPP-RL uses a §ak-ba
conflict graph model, which represents wireless links atioes in

a conflict graph and draws an edge between two conflict vertice

if and only if the corresponding wireless links interfereas®d on
this definition, links corresponding to the vertices in @a# of the
conflict graph cannot be active simultaneously. Since CORE a
all of the opportunistic routing protocols use either pseodreal
broadcast transmissions, we use a node-based conflict graqhél,
which considers two broadcast transmissions to interfieeither
(i) the transmitters carrier sense each other or (ii) anyafrideir
receivers is interfered by the other transmission.

Both MORE andO3-Intra use a batch size of 32 packets, which
is the default batch size used in MORE [2]. Further increpasie
batch size yields little benefitO3 uses a batch size of 16 with 2
outstanding batches to effectively support inter-flow ogdi

We use the following network topologies: (i) canonical tlpo
gies shown in Figure 3 with 2 symmetric flows, (ii) 5x5 grid tdp-
gies, (iii) 25-node random topologies, (iv) Roofnet togplavith 35
nodes [26], (v) UW testbed topologies with 14 nodes [25]. fReb

. COPE with rate limiting (COPE-RL), the same as COPE ex-

gies, the loss rates are uniformly distributed either betw@ and
30% (low loss), between 0 and 50% (medium loss), or between 0
and 80% (high loss).

We generate saturated UDP traffic with 1024-byte payload, an
vary the number of flows from 1 to 16. Since the choice of rout-
ing protocols is important for multihop flows, our simulatican-
domly picks a source and destination that have at least 2 Heaps
single-hop flows, all schemes with rate limiting can simptyivate
one-hop flows as much as possible and disable interferinghaopl
flows to achieve maximum throughput and the effects of rgutin
cannot be not reflected. For each scenario, we conduct 1@mand
runs, each lasting 30 seconds. We report the average totabtin-
put of these runs. In addition, the error bars on the graptvshe
standard deviation of the sample mean.

50%

03

(a) Linear chain

(b) Diamond
Figure 3: Two symmetric flows between the left-most and right
most nodes.

7.2 Performance Results

Canonical Topologies: Table 1 reports the throughput of the two
canonical topologies shown in Figure 3. In the linear togglo
there are two flows: from A to C and from C to A. Here, we ob-
serve thatO3 > O3-Intra > COPE> MORE > SPP-RL> SPP.
SPP-RL outperforms SPP by 44% due to its proper rate limiting
COPE out-performs SPP by 60% due to inter-flow codi@g, O3
Intra, and MORE out-perform SPP by taking advantage of oppor
tunistic routing to effectively combat lossy wireless knkAmong
them,03-Intra out-performs MORE through optimized rate limiting
and opportunistic routing, whil®@3 outperforms all the protocols by
simultaneously exploiting inter-flow coding, opportuigstouting,
and rate limiting. For the diamond topology with two flowyrfr A

to D and from D to A, the relative ranking between various @rot
cols remains almost the same, except a few differences., BERE

uses an IEEE 802.11b testbed, whereas UW traces contain meaerforms only slightly better than SPP and similar to SPP-Rlis
surements from 802.11a and 802.11b testbeds. We also use bois because packet losses on the shortest paths significadtigze
802.11a and 802.11b in the synthetic topologies. Sincedbelts  the inter-flow coding opportunities. This also causes MO&Bit-
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Figure 5: Total throughput in the testbed topologies.

perform COPE by 93%. In contra€d3 can effectively take advan- SPP-RL under low loss rate, and performs better than therarund
tage of inter-flow coding over lossy wireless links and aebscthe  high loss rate because the benefit of opportunistic routiiguhigh
best performance. Its benefits ov@8-Intra, MORE, COPE, SPP- loss rate offsets the disadvantage arising from its laclatd im-
RL and SPP are 35%, 65%, 219%, 219% and 275%, respectively. iting. Moreover, the benefits of inter-flow coding decreaséth
Effects of number of flows in synthetic topologiesFigure 4 sum-  link loss rates. For example, under high loss ré8,has smaller
marizes the performance results for 802.11a and 802.1tblre ~ 9@in overO3intra (3-9% gain), and COPE performs similarly to
to high loss rates. We make the following observations. SPP while COPE with rate limiting performs similarly to SPRw
First, O3 out-performs state-of-the-art protocols in all the sce- "ate limiting. Loss rates reduce inter-coding opportesitbecause
narios. For example, as shown in Figure 4(a), in low losseand When fewer packets are received at each node, they not amilytie
topologies, compared with the protocols without rate End3 choices of inter-flow coding and but also make the next hopérar
has 43-327% gain over MORE, 35-262% gain over COPE, and 9210 decode. Similar effects are observed in 802.11b as shokiyt
330% gain over SPP; compared with the protocols with raté,lim Ure 5(d). Nevertheles©)3 continues to out-perform the other pro-
03 out-performsO3-Intra by 3-21%, COPE-RL by 2-29%, and tocols: it out-perform®©3-Intra by 6-21%, COPE-RL by 17-194%,
SPP-RL by 32-38%. The performance gairQs comes from op-  SPP-RL by 105-235%, MORE by 21-412%, COPE by 99-900%,

portunistic routing, rate limiting, and inter-flow codintn particu- ~ @nd SPP by 273-1500%.

lar, we observe (D3, O3-Intra, and MORE out-perform SPP since Effects of number of flows in testbed topologiesFigure 5(a), (b),
opportunistic routing can more effectively cope with loggyeless  and (c) show the performance results under Roofnet with18@2.
links, (i) O3 and O3-Intra out-perform MORE due to their opti- 1Mbps, UW testbed with 802.11a 6Mbps, and UW testbed with
mized opportunistic routes and rate limits, and @3 out-performs ~ 802.11b 1Mbps, respectively. In Roofnet, 68% of the linkseha
O3Intra due to inter-flow coding. Note that the total throughp  within 1% loss and 80% of the links have within 57% loss. In UW
does not monotonically increase with the number of flowsesine 802.11a testbed, 75% of the links have within 1% loss and 80% o
randomly select the flow sources and destinations and gerara the links have within 51% loss. In UW 802.11b testbed, 52% of

dom link loss rates in each run. the links have within 1% loss and 80% of the links have wit86®
Second, rate limiting is important to all the protocols. Ih a loss. We make the following observations based on the pednce

cases, we observe the protocols with rate limiting signifilyaout- results from these testbeds.

perform their counter-parts without rate limiting. For exale, as First, O3 > O3-Intra, COPE-RL, SPP-RE> MORE, COPE>

shown in Figure 4(a)P3-Intra out-performs MORE by 18-286%, SPP. The relative orderings of COPE-RL a@@Intra depend on
COPE-RL out-performs COPE by 6-239%, and SPP-RL out-pmdor the loss rates: the former performs better under low lossthed

SPP by 45-211%. latter is better under high loss.

Third, loss rate has significant impact on the effectiverndsgp- Second, as in the synthetic topologies, all the protocalk vaite
portunistic routing and inter-flow coding. In particulas,\@e would limiting significantly out-performs their counterpartstiaout rate
expect, the benefits of opportunistic routing increases livik loss limiting. For example in RoofnetD3-Intra out-performs MORE

rates. For example, comparing the results between low agid hi by 15-696%, COPE-RL out-performs COPE by 1-617%, SPP-RL
loss rates (Figure 5(a) and (c)), we observe that the gapeleetw out-performs SPP by 71-811%.

the performance gain d®3 and O3-Intra over the other protocols Third, O3 consistently out-performs all the other protocols. As
increases. Moreover, MORE performs worse than COPE-RL andghown in Figure 5(a), in Roofnef3 out-performsO3-Intra by 14-



30%, COPE-RL by 11-35%, SPP-RL by 21-46%, MORE by 48- [9]
810%, COPE by 41-694%, SPP by 134-111%. As shown in Fig-
ure 5(b) and (c), in 802.11a and 802.11b UW testbed topdogie [10]
03 out-performsO3-Intra by 14-27%, COPE-RL by 2-83%, SPP-
RL by 24-34%, MORE by 46-1000%, COPE by 3-6100%, SPP by
87-32600%. (11]
[12]
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Figure 6: Throughput under varying network density in 25- el
node 802.11b random topologies (8 flows, high loss). [20]
Effects of network density: Next we vary the network density [21]
in 25-node 802.11b random topologies. We vary the area from
1000x100@7 to 3250x3256. Figure 6 plots the total through- 22

put. As we can se€)3 out-performs the other protocols across all 3
network densities. As before, rate limiting leads to sigaifit per-
formance improvement in all the routing protocols.

[24]
8. CONCLUSION [25]
Optimizing inter-flow network coding in opportunistic rang is
useful but challenging due to the strong interactions betwia- [26]
formation splitting in opportunistic routing and interaflanetwork [27]
coding. We approach the problem by proposing a novel hierarc
cal framework to decouple opportunistic routing and iritew net- (28]
work coding, and develop the first framework to jointly opitien
opportunistic routing, rate limiting, and inter-flow netkacoding. [29]
We design a routing protocol to realize its benefit and demnates
its effectiveness using Qualnet simulation. Furthermote, sim- [30]
ulation reveals the relative benefit of opportunistic rogtiinter-
flow coding, and rate limiting. Moreover, we hope that ourrtase
framework is useful and has other interesting wirelessiegjabns, [31]
which we plan to explore in the future. [32]
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