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_ Abstract—Recently, network coding has gained much popular- ~ The second approach (e.g. [2], [3]) identifies that oppor-
ity and several practical routing schemes have been propoddor  tunistic coding such as in COPE may, in practice, miss
wireless mesh networks that exploit interflow network codirg for several coding opportunities, depending on the order ircwhi

improved throughput. However, the evaluation of these probcols - . .
either assumed simple topologies and traffic patterns suchsa nodes in a neighborhood transmit packets. These works then

opposite flows along a single chain, or small, dense networksPropose the use otoordinatednetwork coding, in which
which have ample overhearing of each other’s transmissions  transmissions of neighboring nodes are scheduled with the

addition to many overlapping flows. In this paper, we seek to goal of maximizing the gain from network coding. However,
answer the fundamental question: how much performance berfi these works either provide only theoretical results, mgkin

from network coding can be expected for general traffic pattens _ .
in a moderate-sized wireless mesh network? We approach this unrealistic assumptions of a slotted MAC layer [2] or only

question via an empirical study of both coordinated and oppe  consider a superficial traffic pattern, consisting of pafrper-
tunistic coding based protocols subject to general traffic ptterns.  fectly overlapping flows going towards opposite directi¢@ils

Our study shows the performance benefits under both types of  The above discussion suggests that quantifyingtrezage-
coding for general traffic patterns are extremely Ilmlted._ We  gse (rather than providing upper bounds) throughput gain
then analyze and uncover fundamental reasons for the limit . : .
performance benefits. of routl_ng proto_cols based on network coding under prgbnca
scenarios, i.e., in a general topology and under geneffiictra
I. INTRODUCTION patte_rns, remains an impprtant open questionl. anntif&_iag
practical performance gain from network coding is of timely
Recently, network coding has gained much popularity asportance, as it not only helps to guide the design of high
a promising technique for improving throughput of routingrerformance routing protocols, but also helps to justifg th
protocols in wireless mesh networks. With network coding, significant research efforts being invested by the commyunit
router can combine multiple packets within a single trangn exploring this new technique.
mission, thus making more efficient usage of the network Since theoretically analyzing the average-case coding gai
bandwidth. The basic principle of network coding can big extremely hard, in this paper, we perform@mpiricalstudy
easily explained through the 3-node “Alice and Bob” scemarbf practical coding gains by subjecting state-of-the-ading
from [1]. schemes to a general topology and general traffic patterns.
The work in [1] proposed COPE, a practical protocol thadur study shows the performance benefits of coding for
extends this basic principle to allow nodes to combine moggneral traffic patterns are extremely limited. We then yreal
than two packets together by exploiting the broadcast satwind uncover fundamental reasons for the limited performanc
of the wireless medium through opportunistic listening} [lbenefits.
showed a several-fold gain of COPE over a non-coding scheme
on a wireless testbed and claimed that the maximum gain Il. METHODOLOGY
is unbounded. However, subsequent works [2], [3], [4], [5] We used Glomosim for our empirical evaluation study.
identified practical limitations of COPE, and showed that itGlomosim is a popular wireless network simulator with a
gain highly depends on the topology, traffic pattern or @fter detailed physical layer. We used tAeray propagation model.
load. We set the transmission range to 250m; the interferenceetang
More generally, these works tried to quantify the perfolbbased on the physical model parameters used in Glomosim,
mance gain of network coding in multihop wireless networksyas 460m. To facilitate network coding, we used the 802.11
and can be grouped into two approaches. The first obeadcast MAC with a nominal link data rate of 2Mbps.
(e.g., [5], [4]) studies theoretical upper bounds of codin i
gain, by constructing best-case coding scenarios. On ang, haf™ Topology and Traffic Pattern
the estimated upper bounds can be far from achievable forSince analyzing the average performance of network coding
general topologies and traffic patterns. On the other handyder arbitrary topologies is hard, in this paper we focus on
in deriving the upper bounds, it is often necessary to makegeneric, grid topology, one of the most natural candidate
assumptions about a particular coding structure, suchdiago topologies in a planned deployment of mesh networks. We
opportunities at a hotspot (e.g. [4]) that is crossed by magpgnsider a square area of dimension 1.2kml.2Km, and
flows, ignoring the fact that nodes adjacent to the hotspgt mplace 49 nodes in a grid topology. Based on the selected
also perform network coding which can lead to higher gaintransmission and interference range, each node can girectl
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communicate with its 4 neighbors along the left, right, up;~_ 3
and down directions, and is within the interference range af "+
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its 2-hop neighbors. T
One particular feature of our study is that we consider L\— _______ NS H
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v £0pC
A
A
Y 500
N N 8
AY
7 °
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henceat most 2packets can be coded at any node. This choice” 6
of deployment is in contrast with previous studies that have
assumeddensemesh networks (e.g., [6], [1]), and is choselrig. 1. Proposed path selection ifig. 2.  Total throughput for CoC,
for two reasons. First, a recent study [7] showed that ev@®R. OpC, and NoC in a 49-node grid.
low-rate control overhead in non-forwarding links can have
multiplicative throughput degradation on data-carryiintk$, DOR for a given flow (source-destination pair). To maximize
and this effect worsens as the node density increases, whikb coding opportunities of different flows, we propose a
creates more non-forwarding links. Second, another recesitnple heuristic scheme, where each node decides which
study [8] showed that a node density slightly smaller thasimension to traverse first based on the relative oriematio
ours (about 30 nodes per Kincan provide 90% coverage inof the destination, as shown in Figure 1.
a currently operational mesh network. The same study argues
that client-side solutions (e.g., higher-gain antennesyeauch C- Rate Control
more cost-effective than denser topologies. Note that in ou A subtlety in evaluating coding based protocols is that
case, 100% coverage is guaranteed due to the grid placemgs. gain from network coding increases when the offered
Since in typical deployments of mesh networks all medbad in the network is increased, which creates more cod-
nodes are expected to serve as access routers for somecliémg opportunities. However, letting the sources transntit a
it is expected every mesh node will originate some traffic. Inigh data rates without any control can lead the network
our study, each node randomly selects a destination amengtd congestion, and hence significantly reduced performance
rest 48 nodes and initiates a constant rate flow with a paclat discussed in [13]. For this reason, we added rate control
size of 1500 bytes for a fixed duration of 1500 sec. We vawhen comparing different protocols. We used CXCC [15],
the sending rate from 10Kbps up to 2Mbps while keeping i hop-by-hop backpressure-based congestion control qoioto
the same for all 49 flows. for multihop wireless networks.

B. Routing D. Network Coding

We did not use any of the coding-aware routing schemesThere have been two alternative approaches to developing
from the literature for several reasons: either they ardraén practical interflow coding-based routing protocols, based
ized and difficult to realize in practice (e.qg., [9]) or thegaot either Opportunistic Coding (OpC) or Coordinated Coding
deterministic and their control traffic may add variancehe t (CoC). We study the performance benefits for both approaches
performance of the protocols we examine, depending on timethis paper, and compare them against the performance of
topology and traffic used (e.g., [10], [11]). In addition, diel CXCC, which we use as a representative protocolNaf
not use any link quality metric; on a grid structure like th€oding (NoC).
one we used, links are expected to have similar long term1) OpC: COPE [1] is the first practical implementation of
average link qualities, however short-term oscillationaym network coding. It performspportunistic network coding.e.,
cause frequent route changes, which can reduce the amawrdes mix (XOR) packets whenever they get an opportunity
of existing coding opportunities and also makes the regiltsto do so, but they never delay packets waiting for coding
our study non-deterministic. Instead, we used fixed, skbrt®pportunities to arise. To include rate control in OpC, wedis
path routing in our study. a variation of COPE that is a simple integration of CXCC and

There are many possible shortest paths from a source t€@PE (also used in [3]).
destination in a grid (unless the source and the destinhtua 2) CoC: noCoCo was proposed in [3] to perforanordi-
one common coordinate). As we show in [14], dimensiomated network codingo ensure that nodes will not miss any
ordered routing (DOR) [12], a well-known deterministic tou coding opportunities. noCoCo extends the idea of CXCC for
ing scheme for mesh and torus interconnection networks fieetwork coding by applying backpressure to two overlapping
parallel computers, gives more coding opportunities theama flows flowing in opposite directions. If a node sends out a
domized shortest-path routing, which always randomly piclcoded packet, i.e., an XOR of two packets from two different
either x-axis or y-axis to make forward progress at each hdjows, then from that point on, it is only allowed to transmit
In a two-dimensional grid, there are two ways of performingoded packets from those two flows.

noCoCo was designed to fully exploit coding opportunities
lwe have also experimented with different packet sizeseuwdifft sets of perfectly overlapping, bidirectional flows. In a netwawith
49 flows, and different grid dimensions (network sizes). Thsults were many flows, there can be more than two flows that (partially)

qualitatively the same as and quantitatively very simitathose reported in ' .
the following sections and are omitted due to the spacediioit. overlap with each other, and hence multiple ways to perform



pair-wise coding. However, noCoCo by itself does not have,,
any mechanism for determining which flows should be code ,

together. To capture possible maximal coding opportusitie $
we use an offline centralized greedy heuristic to identifypa ;¢ B8 Bl @ & I

coded transmissions = non-coded transmissions

Number of transmissions

of flows that should be coded together, by iteratively pairip 3
flows that have the maximum number of coding opportunities® =

imbe

IIl. OVERALL RESULT

Figure 2 shows the total throughput achieved by the 49 flows(a) Result from the simplified (b) Result from Glomosim —
in our simulation with NoC, OpC, and CoC, as the source simulator. sources send packets at 2Mbps.
sending rate varies. We make the following observationstFi rig 3. Total number of non-coded and coded transmissiotts M6C, CoC,
we observe that the performance of all three schemes ang OpC for the 49-node scenario of Figure 2 with the simpliiemulator
similar. The gain of CoC over NoC after the convergenc®d Glomosim.
of throughput, i.e., after the source sending rate is higher
than 500Kbps, is only 6%-11%. These numbers are muchFigure 3(a) shows the total number of transmissions without
lower than the ones reported in [3], which considered thetmd$!0C) and with (CoC) coding for the set of 49 flows used in
ideal environment for network Coding where on|y bidirectd Section I, obtained with this Slmpllfled simulator. We elnge
flows were used. One may conjecture that, in a network withat the total number of transmissions required to delivex o
random flows, OpC can potentially outperform CoC, since Racket from each source to its corresponding destination is
may |dent|fy more Coding OpportunitieS, without ty|ng tdm' reduced from 232 with NoC to 189 with COC, a reduction of
specific pairs of flows. However, Figure 2 shows that thé2%, i.e., there ar@32 — 189 = 43 coded transmissions.
throughput with OpC is worse than with CoC. In fact, it is However, the reduction in the total number of transmissions
even lower than that with NoC (by about 2%—7%). from the realistic simulations is much lower. Figure 3(b)
We contrast our results to those in previous studies. Fir§fows, compared to NoC, CoC and OpC reduce the total
our result is different from the one in [3], in which thenumber of transmissions by only 0.5% and 7.8%, respectively
performance Of Opc |ies between the performance Of NoC aﬁaese small reductions in transmissions resulted in 11%
that of CoC. Again, the reason is that bidirectional flowsavefigher throughput for CoC but 2% lower throughput for OpC,
used in [3] which offered more coding opportunities complarecompared to NoC, as shown in Figure 2. Note that we cannot
to in our Settingsl Second’ our result is very different frioma make any direct correlation between the reduction in thal tot
one reported in [1], where in a random topology and witHansmissions and the total throughput improvement, sinee
a random traffic pattern, the original COPE protocol (OpC‘sg flows under consideration have different lengths; redact
offered a 3-4x throughput increase over NoC. This significal the number of transmissions only gives an indication of
gain is due to the small (with a total of 20 nodes) and denB@ssible throughput improvement.
network used in [1], where flow lengths vary between 1 and To understand why the number of coding opportunities
6 hops. Such a setting offered high overhearing probadsliti captured in practice is even lower than the ideal number, we
giving nodes the chance to XOR more than 2 packets togetheext analyze separately CoC and OpC in detail.
In contrast, our evaluation was done in a larger and sparser V. COORDINATED CODING
network, with dimensions and settings closer to those we )
believe will be featured by future WMNs. In this network, We begin with coordinated coding (CoC).
overhearing does not add any benefit, and the flow lengths &eparating codable and non-codable flows\e take a closer
much larger, varying from 1 to 12 hops. look at the 49 flows by breaking them into two classes. Flows
that had their packets coded with packets from other flows
at one node at least belong to clas$’ (codable flows). All
The first step towards understanding the reasons for tthee remaining flows, which had all their packets transmitted
low benefit of network coding for general traffic patterns imon-coded belong to clas§C'F' (non-codable flows). Flows
a sparse network deployment is to analyze the existenceabftlassCF are the ones that contribute to the reduction of the
coding opportunities. To measure the maximum achievalitegtal number of transmissions due to coding. With CoC, once a
coding gain under general traffic patterns, i.e., each sounmtode decides to mix together two packets from Wb flows,
initiates a flow to a random destination, we resort to a simpiewill mix together all the subsequent packets belonging to
simulator that assumes an ideal MAC and physical lay#drose two flows. We found that out of the 49 flows we initiated,
without contention or packet losses. We used the simulatmly 24 belong to clas€'F, and the remaining 25 belong
to estimate the normalized (with respect to the total packdad classNCF. These numbers show again the low number
transmitted) total number of transmissions required ineordof coding opportunities, since half of the flows could not be
to deliver one packet from each source to its correspondingxed with any other flow.
destination in the steady state with and without coding. We w We repeated the experiment of Section Ill, however, this
call the result obtained with this simplified simulaideal, in time we measured separately the total throughput of the 24
contrast to thepractical result obtained with Glomosim. CF flows and the 2aVCF flows. The results are shown in

IV. ANALYSIS OF CODING OPPORTUNITIES
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use of network coding has a “squeezing effect” on the flow ¥ -8 # & .
that actually have their packets mixed together, redudivgg t| ° ™ " orfeala it @« == T e
total throughput of those flows by 40% - 53% in the steady
state (i.e., for offered load per source higher than 500Kbps S%g}i’t?‘l'c,‘v';;‘)i%pﬁ',ﬁf;j'geFZE" (2b5) Jgf;' ffg\:\?su%:f#é ;% tt?]i
while the throughput of the remaining flows, whose packeds ar flows with CoC, NoC, and OpC 24 C'F flows alone with CoC,
never mixed together, increases by 10% - 18%. In fact, thesgVhen they coexist in a 49-node  NoC, and OpC in a 49-node
25 NCF flows utilize almost the whole network capacity, orid.
since their total throughput is one order of magnitude larggig. 6. Throughput comparison & F* and NC'F" flows with CoC, NoC,
than the throughput of the 2@ F flows. This explains why and OpC when they coexist and when they are alone, in a 49-guidie
the total throughput with CoC is higher than with NoC in spite
of the small number of coding opportunities, and in spite dhe 24CF" flows. This is intuitive, since the longer the two
the fact that theelative throughput decrease for the zaF  flows, the higher the probability that they will overlap (at
flows is much larger than the relative throughput increase sfast partially), creating some coding opportunities; TR)s
the 25 NC'F flows. in turn explains why the throughputs for th¥ CF flows
To verify that this counter-intuitive result is not due tcare in general much higher than for tiieF flows; and (3)
some artifact in the protocol implementation, we repealked tThese individual flow throughputs are lower with CoC than
simulation for CoC with only the 240F flows present in with NoC for most of theC'F' flows, but higher for most
network. We also repeated the simulation for NoC twice, firsf the NC'F' flows, which explains the throughput results in
only with the 24CF flows, and then only with the 28/CF  Figures 2 and 4(a).
flows. The results are shown in Figure 4(b). We observe that
the results for the 24°F flows are reversed, compared to
Figure 4(a); when only the 2€'F flows are present in the We now return to OpC. In Figure 3(b), we saw that OpC
network, the throughput with CoC is 21% higher than withhad a larger fraction of coded over non-coded transmissions
NoC. This confirms that coding indeed helps when all flonsompared to CoC. Yet it has the lowest total number of
are codable. It is the interaction afF' vs. NCF flows that transmissions, and in Figure 2 the lowest total throughput,
causes the counter-intuitive result in Figure 4(a)! Nogt &l among the three schemes.
_the results in [3] were obtained from setting_s similar to ¢he Separating CF and NCF flows. To explain this resul,
in Figure 4(b), with onlyC'F" flows present in the network. \ye first plot separately the throughput with OpC for the 25
Correlating with flow lengths. In Figure 4(b), we also NCF flows and the 24C'F flows, in Figure 6(a). We also
observe that the throughput of the 26C'F' flows, without keep the same breakdown for NoC and CoC from Figure 4(a)
the presence of the 2&'F flows, is more than 2.5 and 3.2for easier comparison. Figure 6(a) shows that OpC exhibits
times higher than the throughput of the 24F" flows with exactly the opposite behavior compared to CoC. With OpC,
network coding and without network coding, respectively. Tthe throughput for the 2&'F flows increases compared to
understand this, we correlated the individual throughmits NoC, while it decreases for the 2Z8CF flows. Actually, the
the 49 flows with their lengths (in terms of hopcounts). throughput with OpC for the 2€@'F flows is the highest among
Figures 5(a), 5(b) show the individual flow lengths anthe three schemes, and on the other hand, the throughput with
throughputs of the 25VCF flows and the 24CF flows, OpC for the 25NCF flows is the lowest among the three
respectively, with CoC and NoC. We make three observatiorsthemes. The most likely reason for this is that under OpC
(1) The 25 NCF flows are on average much shorter thad'F' flows manage to capture more coding opportunities than

V1. NON-COORDINATED CODING



retransmissions. We observe that when retransmissions are

60000
coded transmissions

Rromeosedmmssion also counted, OpC makes the largest number of transmissions

followed by NoC, and then by CoC. This implies that OpC

2 is the most susceptible to packet failures among the three

: i schemes, which forces it to make many retransmissions. This
. = | = explains why OpC achieves the lowest throughput among the

" = three schemes. We refer the reader to [14] for detalils.
Fig. 7. Total number of non-coded Fig. 8. Total number of non-
and coded transmissions for the 25coded and coded transmissions, in- VII. CONCLUSION

NCF flows and the 24C'F flows cluding retransmissions, with NoC, | hi d irical d f th
with CoC and OpC with a source CoC, and OpC, for the 49-node sce- IN thiS paper, we presented an empirical study ot the

sending rate of 2Mbps. nario of Figure 2. average-casgerformance gain from adding network coding
to routing protocols in wireless mesh networks. Our study

under CoC, although the later guarantees none of the existishows the performance benefits under both coordinated and

opportunities inC'F' flows are missed. opportunistic coding for general traffic patterns are axiedy

Does OpC indeed find more coding opportunities than limited. More importantly, we investigated and uncoveriee t
CoC? To understand coding opportunities captured by Op@indamental reasons for the limited performance benefis: (
we repeated the simulation with OpC for the 24 flows There is an inherent limitation to the coding opportunifies
defined in Section \alone The result is shown in Figure 6(b),general traffic patterns; (2) Codable flows are typically muc
in which we have also added the curves from Figure 4(Hpnger than non-codable flows and hence suffer low throughpu
for easier comparison. We observe the throughput of the fibegin with; (3) Under coordinated coding, the codable $low
CF flows with OpC is only slightly better than with NoCare squeezed by non-codable flows and hence suffer reduced
(less than 5% difference), and lower than with CoC (10-158pw rate, i.e., reduced performance benefit from coding; (4)
difference). This suggests that in a network with oz While opportunistic coding appears to capture more coding
flows, which exhibit many coding opportunities, OpC actyiallopportunities, it is also more susceptible to packet loss th
misses many of them due to lack of coordination, resulting kPordinated coding and no coding, and this susceptibilty c
lower performance than CoC. result in lower throughput even compared to no coding.
Actually, since OpC applies only one-way backpressure
to individual flows and it never ties two flows together, the
classification ofCF' and NCF' flows, which we carried over
from Secti(_)n V, h_as no meaning for OpC. Ir_1 other words, Ope,626703' REFERENCES
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