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ABSTRACT

Network Coding (NC) has been proved to be the thealkgh in the research field of networks and
communication. It is an effective technique to @ase network capacity and improve the throughmldustness and
reliability of networks. Network Coding refers tosaheme where a node is allowed to generate odgiatby mixing its
received data. This paper presents the use of Met@oding in wired Networks and wireless netwoM#&e also surveys
the applications of Network Coding in the domaihgeer-to-peer Networks, delay tolerant Networkse o present a

number of interesting research challenges in tHeseains, where the network coding can be used.
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INTRODUCTION

Network Coding is an area that has emerged in 2QQR], and has since then attracted an increaisitegest, as
it promises to have a significant impact on bothttieory and practice of networks we can broadfindenetwork coding
as allowing intermediate nodes in a network toordy forward but also combine their incoming indegent information
flows. Combining independent data streams allowketter tailor the information flow to the netwogkvironment and

accommodate the demands of specific traffic pastern

The first paradigm, that illustrated the usefulnedsnetwork coding established throughput benefitsen
multicasting error-free links. Since then, we hes@lized that we can get benefits not only in teofhroughput, but also
in terms of Complexity, scalability and securitheBe benefits are possible not only in the casauficasting, but also
for other network traffic configurations such asltiple unicast sessions. Moreover, they are naricted to error free
communication networks, but can also be appliesettsor networks, peer to peer system and optitabries. It is infact
advocated that first applications where networkimgdvill have an impact will be peer to peer anched wireless
networks, these are environments that offer mogedom in terms of protocol design choices and wirgitermation
inherently propogates in a distributed manner.é@mple, ongoing projects investigate the appbicatif network coding

ideas to content distribution [3].
NETWORK CODING IN WIRED NETWORKS

NC was initially proposed as a distributed mechanier achieving the multicast theoretic (max-flovinncut)

Capacity in wired networks. In wired multicastingformation is sent from a set of source nodes setaof destination
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nodes over a multihop network where the intermedietdes merely forward their received packets imeadetermined
look-up table (routing). Ahlswede et.al., in [1l]ggested the innovative notion of coding on laygra@kets instead of
look-up forwarding on specific outgoing links, astiowed that network throughput can be increasedh hetwork
employing NC, routers perform (random) linear comaltion of incoming layer-3 packets and broadcastésult to all its
neighbors. Randomized linear network coding schenere shown to be sufficient in achieving the infation theoretic
max-flow, min-cut bound on network capacity [2].esary & sufficient condition by Koetter et al.jhile the concept
of NC was developed for the network (IP) layethais often been implemented in practice at highgeré& such as the
transport or application layers[5] [6] [7]. A fud@ntal reason as to why network coding is benéfisidbased on the
premise of simultaneous transmission from seve@lirce) nodes to a single (receive) node. While ithifeasible in a

wired network whereby concurrent transmissionsdaemed ‘orthogonal’, a multihop wireless networkiste different.

Wireless is a shared medium (at least for nodekimvéa common transmission range) and there is morala
spatial orthogonality. Thus wireless multihop netkghave relied on other forms of orthogonality-time (TDMA) or
frequency(FDMA)- to achieve interference-free traission Wireless Network Coding (WNC) uses non-agthnal

transmission that, nevertheless, allow recovemuaitiple packets to enhance aggregate network gimput.
NETWORK CODING IN WIRELESS NETWORKS

The broadcast nature of wireless (coupled with oeétwtopology) determines the nature of interference
Simultaneous transmissions in a wireless netwaulcally result in all of the packets being losg(icollision). A wireless
network therefore requires a scheduler (as patte@MAC functionality) to minimize such interferendHence any gains
from network coding are strongly impacted by thelenying scheduler and will deviate from the gageen in wired
networks[8].Further, wireless links are typicallgifaduplex due to hardware constraints, i.e a natenot simultaneously

transmit and receive due to the lack of sufficisntation between the two paths.

One of the potential application of WNC is in mcétsting. A decentralized formulation to throughput
optimization for the multicasting problem was imtuzed in [9][10]. However, if additional objectivesch as maximizing
throughput subject to delay constraints are consdjehen network codes must be jointly designettt MAC as in [11]
[12].Authors in [13] qualify the impact of randonsaess MAC schemes (such as CSMA/CA) on performand¢C in

all-to —all data dissemination system.
Epidemic Algorithm for Rumour Spreading

This work focuses on networks represented as gr&ghistributed algorithms, where similarly to ouase, nodes
do not have information about the nodes they arangonicating with. At each round, each node randochigoses a
communication partner among the nodes that are embed to it through an edge, and either “pushes™puoils”

information from it [14] [15].
Broadcasting in Radio Communication Networks

In this body of work the wireless environment isdeled as a graph, where, when a node transmitssage, it
is received by all its neighbors is transmittinggadn transmissions are divided into rounds, whereach round a subset
of the nodes transmits, in way scheduled to mirémionflicts & maximize information spreading. Theag is to

disseminate the information in the smallest nundfeounds. Both centralized & decentralized aldoris are presented.
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Indicative results include that, the problem is h#rd, there exist. Static networks where the nurobeequired
rounds in® (log’n). While there exist mobile networks where the hamof required rounds if (n) [16] [17] [18].
Using a similar model, the problem of minimizingeegly consumption over a static wireless network reagntly studied
in [19].

Algorithm

Within the scope of the network coding literatusenumber of papers have proposed algorithms thalogm
network coding over a dynamically changing wirelessironment & evaluated their performance throsghulation
results closest to our particular broadcasting l@rokis[20] which shows that from the viewpoint afgiet delivery ratio
& overhead, NC compares very favorably to floodingnimum cost multicasting using network coding vea@mined in
[21] for mobile networks and in [10] for fixed netvks. Our work differs in that, rather than solvitlg routing problem

we focus on assessing the benefits network codimgaffer.
MULTICASTING USING NETWORK CODING
Multicasting using NC can be divided into two tasks

* Routing: Finding minimum-cost subgraphs to support multicasnections i.e., determining the rate at whach t

inject coded packets on each arc and
e Coding: Determining the contents of these packets.
Multicasting in Wired Networks

Lun et al. in [22] presented decentralized alganihthat compute minimum cost subgraphs for establissingle
static multicast connections in wired & wirelesstwrks that use coding. These algorithms, couplétth wxisting
decentralized schemes for constructing network siodenstitute a fully decentralized approach for iedhg
minimum-cost multicast. They pointed out that npl#i simultaneous multicast connections can be ddeatparately,

which is referred to as superposition coding big gub-optimal.

Li & Li in [23] obtained, through linear programngina necessary & sufficient condition for multicaate
feasibility & an efficient & distributed sub gradiealgorithm for computing the maximum multicasterarhey concluded
that NC may not be instrumental in achieving bettax multicast rates in most cases. Rather, itifaigis the design of

significantly more efficient algorithms to achiesech optimality.

Chi.et al. in [24] proposed that NC base routingoethm for multicast capacity. They showed thatewtthe
average node degree is high. The achievable thputgif network coding based Multicast is much higian that of the
shortest path distribution tree routing algorithnsBghtly greater than that of the maximum ratdriistion tree routing
algorithm. Noguchi et al. in [25] proposed a teciui for load balancing and pointed out that achigwnax flow using

network coding can create congestion.

Li & Li in [26] showed that throughput improvemedtie to network coding in directed network is O(|\and
therefore unbounded. For undirected networks withgral routing, there still exist configuratiorsat are feasible with
network coding but infeasible routing only for thaultiple independent uncast transmissions. Forrentéd networks

with integral routing, there still exist configui@is that are feasible with NC but infeasible withting only.
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Multicasting in Wireless Networks

Xi & Yeh in [27] used NC to achieve minimum cost ltieast in interference-limited wireless networkbexe
link capacities are functions of the signal to iféeence-plus-noise ratio(SINR).They consideredhtja@ptimization of
NC subgraphs with power control & congestion cantvithout excessive control overhead & designedadetistributed,

node-based scaled gradient projection algorithrdsdemived scaling matrices for fast, guaranteetialoonvergence.

Ho et al. in[28] compared multicast network codifiy a time varying wireless network model with
interference-determined link capacities insteadatifsion based wireless model with fixed link caji@s and showed that
the gap in multicast capacity between NC & routilegreases relative to a collision-based wirelesseineith fixed-link
capacities and the main advantage of NC is redudtiocomplexity of optimization and operation as Nignificantly
reduces complexity of dynamic back pressure algast used for optimization.In order to reduce cost eomplexity of
coding, Zhang and Fan in [29] proposed to find satiat need encoding instead of doing coding atakes. They used a
modified Ford Fulkerson algorithm to obtain the maxm flow and encoding nodes in undirected grapteiad of getting

encoding nodes by subtree decomposition as presbgtEragouli et al. in [30].

Yuan et al. in [31] proposed a general modeling swidtion framework for the throughput optimizatiproblem
in wireless networks instead of cost optimizationthe framework, data routing, wireless mediumteation and network
coding are jointly considered to achieve the optimatwork performance. The cross-layer optimizat@pproach
decomposes the original problem into data routirng-roblems at the network layer, and power aliocasub-problems

at the physical layer taking into account physiagér interference.

Fragouli et al. in [32] proposed & argued that maénefits of network coding in a wireless envirommmight
manifest in situations where topology dynamicalyeges and operation is restricted to distributgdrghms that do not
employ knowledge about the network environment.yTr@ved that network coding can offer benefita déctor of log n

in terms of energy efficiency.

Lun et al. in [33] showed how network coding, condd with distributed flow optimization,gives a ptiaal
approach for unicasting that promises to signifigaoutperform the present approach of end-to-endink-by-link
re-transmission combined with route optimizatiom &ny performance measure which increases withntimaber of

transmissions made by each node.

Katti et al. in [34] proposed COPE, an architectiarewireless mesh networks. They addressed theraamtase
of unicast traffic, dynamic and potentially burfityws, and practical issues facing the integratibnetwork coding in the
current network stack. The testbed deployment teshlowed that COPE largely increases network tginput. The gains
vary from a few percent to several folds dependimgthe traffic pattern, congestion level, and tpams protocol.
Due to coding, COPE has to send less number ofgpaeid as a result load on bottleneck link redugiesg it double
advantage.

Sengupta et al. in [35] obtained a theoretical fdation for computing the throughput of network owdon any
wireless network topology and any pattern of corenir unicast traffic sessions. They advocated ithating be made
aware of network coding opportunities rather tresjn COPE, being oblivious to it. They studied titeale-off between

routing flows “close to each other” for utilizingpding opportunities and “away from each other” émoiding wireless
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interference and presented a method for computgce-destination routes and utilizing the bestimgpapportunities
from available ones so as to maximize the throughpu

BROADCASTING IN WIRELESS NETWORKS USING NETWORK COD ING

To realize energy savings in a wireless ad-hoc oevwhere each node of the network is the soustesinitting
information to all other nodes, Fragouli et al[38] proposed fully distributed algorithm to penfonetwork coding while

addressing practical issues such as forwardingifactanaging generations and impact of transmigsinge.

Li et al. in [37] applied network coding to detemisitic broadcast approaches, resulting in signiticeductions
in the number of transmissions in the network. Thegposed two algorithms, that rely only on locabthop topology
information and makes use of opportunistic listgnto reduce the number of transmissions: 1) a NfiDR-based
coding algorithm that provides gains up to 45% caraegd to a non-coding approach and2) a Reed-Soldrased coding
algorithm that determines the optimal coding gaihievable for a coding algorithm that relies ontylocal information
with gains up to 61%.

APPLICATIONS OF NETWORK CODING IN PEER-TO- PEER NET WORKS

Gkantsidis and Rodriguez in [38] used network cgdior content distribution of large files. The ramdzation
introduced by the coding process eases the schegdfliblock propagation. They showed that expefitedlownload time

and robustness of the system is significantly impdowith network coding.

Hamra et al. in [39] showed that network coding taprove the performance of the file sharing amglan in
wireless mesh networks but not as in wired netwBB$ inspite of wireless broadcast advantage atedi ceasons for the
behaviour. They also identified the main parametéet influence the performance of network codingwireless
environment and showed how these parameters intesittt each other and influence the behavior ofwoek coding.
They also identified the main parameters that efe the performance of network coding in wirekesgironment and

showed how these parameters interact with each atfteinfluence the behavior of network coding.
APPLICATIONS OF NETWORK CODING IN DELAY TOLERANT NE TWORKS

Delay Tolerant Networks are the networks that eigpee frequent, long-duration partitioning and nreeyer
have an end-to-end contemporaneous path. Forwardeghanisms in such networks usually resort to stoma of
intelligent flooding, as for example in probabilistouting. Widmer and Boudec in [40] proposed amoek coding based
algorithm that significantly reduces the overhetgdrobabilistic routing algorithms.

They showed that the algorithm achieves the rdiligkand robustness of flooding at a small fractiohthe
overhead.

RESEARCHIC CHALLENGES

Much work has been done in designing algorithmsthist has to be translated into practical netwoskig
based protocols so that performance gains candliead in real networks. Impact of network codipgafic parameters
such as generation size, type of code etc. on pesfoce measures such as delay, net-throughputheéds to be

investigated.Existing works in ad hoc networks frextly assume that all nodes cooperate withoutgosétf-centered.
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When we allow some of the nodes to be self-centeeafbrcing cooperation becomes a difficult prohlem
Network coding can potentially be used to devisgamobust co-operation mechanisms as network coslimgads the

information of a packet into number of packets.

In Network coding based demand driven resourceildigion in Peer-to-Peer Networks, efficient mixiod
content chunks based on demand pattern is likelynfmrove performance significantly. In intelligefiboding based
forwarding mechanisms, draining packets out ofsygem once they are delivered is a challenginggiss is even more
challenging for network coding based flooding bessaa delivered packet may be part of many codedepadn the

system.

Multicasting in Delay Tolerant Networks has its oalmallenges. Benefits of network coding based wasti in
traditional networks are well understood. So, neknapding based multicast for Delay Tolerant Netvgois a promising
approach that should be explored. Interaction dfvok coding based approaches with such networlkisx@éo be

analyzed.
CONCLUSIONS

In this paper, we have studied about the networtingp and its benefits in wired and wireless network
We have also present the applications of netwodingpin peer-to-peer networks, Delay-Tolerant neksoWe have also

studied about the researches challenges in Net@oding.
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