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Abstract—Agile recovery from link failures in autonomic through self-protection, self-organizations, self-cgufations,
communication networks is essential to increase robustnes self-healing and self-optimizations (see for example [80],
accessibility, and reliability of data transmission. Howeer, this [21] and the references therein). Therefore an autonomic

must be done with the least amount of protection resources, hile twork tes th t f ti | networks with
using simple management plane functionality. Recently, neork network promotes the autonomy of operational networks wi

Coding has been proposed as a solution to provide ag”e andsto minimum human involvements. HOWeVer, it is aISO-important
efficient network self-healing against link failures, in a manner not to overload the management plane of autonomic networks

that does not require data rerouting, packet retransmissio, to the degree that the management functionality consurges si
or failure localization, hence leading to simple control anl nisicant amount of computing and communication resources.

management planes. To achieve this, separate paths have te b __, . . L .
provisioned to carry encoded packets, hence requiring eitér the This paper addresses the self-functionality in autonorsie n

addition of extra links, or reserving some of the resourcesdr WOrks, and introduces a technique to provide self-healing
this purpose. that results in simplifying the management plane, as well as

In this paper we introduce autonomic self-healing strategés the control plane. The technique uses reduced capacitiés an
for autonomic networks in order to protect against link failures.  hatwork coding.

The strategies are based on network coding and reduced capag A
which is a technique that we callnetwork protection code§NPC). Network coding is a powerful tool that has been used to

In these strategies, an autonomic network is able to provide incre_ase_ the throughput, capacity, and perform_anc_e of com-
self-healing from various network failures affecting network  munication networks [20], [23]. It offers benefits in terms

operation. The techniques improve service and enhance rebility — of energy efficiency, additional security, and reduced ylela
of autonomic communication. Network coding allows the intermediate nodes not only to

Network protection codesire extended to provide self-healing . . .
from multiple link failures in autonomic networks. Althoug h this forward packets using network scheduling algorithms, but

leads to reducing the network capacity, the network capacit alSO encode/decode them using algebraic primitive opersti
reduction is asymptotically small in most cases of practida (see [1], [7], [20], [23] and references therein).
interest. We provide implementation aspects of the propose  One application of network coding that has been proposed
T e " Selegyy  TECeIY 1 0 provic netuork prtection against ik ads
codes are presented. Finally, we study the construction ofush in ove_rlay_ networks [12], [?'5]' Thisis ac.hleved by tra_nstmg
codes over the binary field. The paper also develops an Intege COMbinations of data units from multiple connections on a
Linear Program formulation to evaluate the cost of provisiming backup path in a manner that enables each receiver node to
connections using the proposed strategies, and uses resuftom  recover a copy of the data transmitted on the working path in
this formulation to show that it is more resource efficient from 550 the working path fails. This can result in recovery from
1+1 protection. failures without data rerouting, hence achieving agiletgro
Index Terms—Autonomic networks; network protection codes, tion. Moreover, the sharing of network protection resosioe-
self-healing, link failures, network coding, channel codig, and  yyeen multiple connections through the transmission adin
code constructions. N . . . .. .
combinations of data units results in efficient use of prixdec
resources. This, however, requires the establishment tod ex
|. INTRODUCTION paths over which the combined data units are transmitted.
%uch paths may require the addition of links to the network

Today’s communication networks are becoming complex . S
the degree that the management of such networks has bec urrrl1der the Separate Capacity Provisioning strategy (SAP), o

a major task of network operation. Therefore, the use %’f"?‘? paths be provisioned using existing links if using the

network autonomy such that the management l‘unctionalgOlnt Capacity Provisioning strategy (JCP), hence redyitia

and its complexity, is moved to within the network has twork.trafflc carrying capacity. .

- . Certain networks can allow extra transmissions and the
become the preferred approach, hence giving rise to what ... . o
. : : addition of bandwidth, but they do not allow the addition of
is known as autonomic networks [19]. Autonomic networks

" o new transmission lines. In this scenario, one needs to desig
are self-managed, and they are efficient, resilient, ebddva . . .
efficient data recovery schemes. In this paper, we propose

This paper was presented in part at the IEEE Globecom 2008&(mte, SU(_:h an approach n Wh"?h we use n.etwork (.30d|n.g to p_rowde
New Orleans, LA, December 1-4, 2008 [2]. agile, and resource efficient protection against link faify
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and without adding extra paths. The approach is based mateiverr;. Let ¢; be the unit capacity of the connectidn
combining data units from a number of sources, and thénit carries plain data (data without codingl; is a finite
transmitting the encoded data units using a small fraction field with two element§0, 1}. An [n, k, dyin]2 1S @ network
the bandwidth allocated to the connections, hence disgadin protection code defined overF, that hasn connectionsk
the requirement of having extra paths. In this scenariogonworking pathsn — k = m protection paths, and recovers from
a path fails, the receiver can recover the lost packetsyeadil= d,,;, — 1 failures, whered,,;,, is the minimum distance
from the neighbors by initiating simple queries. of the code.

Previous solutions in network survivability approachesgs
network coding focused on providing backup paths to recover Il. RELATED WORK

the data affected by the failures [12]-[14]. Such approache |n this section we will state the related work in network
include 1+N, and M+N protections. In 1+N protection, aprotection strategies against link failures, and lineadeso
extra secondary path is used to carry combinations of da#t are used for erasure channels. We define the concept of
units from N different connections, and is therefore used fetwork protection codes similar to error-correcting codes that

protect N primary paths from any single link failure. The M+Nare widely used in erasure channel coding [9], [16].
is an extension of 1+N protection where M extra secondary

paths are needed to protect multiple link failures. A. Revolution Networks Using Network Coding

In this paper, we introduce autonomic self-healing and L
: pape . 9 Network coding is a powerful tool that has been used
healing-protection network strategies based on netwotk co . .
?[ﬁicmcrease the throughput, capacity, and performance of

ing and reduced capacity. In these strategies, an autono L )
network is able to provide self-healing from various nemorcommunlcatlon networks [20], [23]. Network chmg assumes
hat the network nodes not only can forward incoming mes-

failures. The techniques improve services and enhanca reh
q P sfages/packets, but also can encode, decode them. It offers

bility of autonomic communication. We define the concept % S - . .

. L . enefits in terms of energy efficiency, additional secusty
network protection codes similar to error-correcting codes that duced delay (see [1], [7], [20], [23] and references timyre
2:?)\;?326&32?(; r':\g;ggi?g ;ﬁgIggtf]r’e[clf\léilug;gﬁgﬁisgig[ ractical aspects of network coding have been investigated

"~ in [6], and bounds on the network coding capacity are inves-
o o tigated in [3], [18].
The new contributions in this paper are stated as follows:

i) We introduce a self-healing strategy using network cgdirB. Protection against Failures Using Network Coding

and a reduced capacity strategy instead of using dedicated _ ) _
paths. In [12], the author introduced a 1+N protection model in

ii) We provide a new scheme to protect against a single lifgPtical mesh networks using network coding over p-cycles.
failure in autonomic networks. The scheme is extenddd'® author suggested a model for protectiNgconnections
to protect against multiple link failures. from a set of sources to a set of receivers in a network with
iii) We develop a theoretical foundation pfotection codes, CcOnnections, where only one connection might fail. Herloe, t

in which the receivers are able to recover data sent ovi499€sted model can protect against a single link failueain
¢ failed links out ofn primary links. arbitrary path connecting a source and destination. In, {h&]

iv) The developed protection strategies are achieved dwer author extended the previous model to protect against jheilti

binary field, hence the encoding and decoding operatiofi¥ failures. It is shown that protecting againstfailures, at
are done using XOR operation. leastm p-cycles are needed. The idea was to dewivinearly

independent equations to recover the data sent frosources.

This paper is organized as follows. In Sectign Il we brieflyn [14], the author extended the protection model in [12] and
state the related work and previous solutions to the netwgskovided a GMPLS-based implementation of a link protection
protection problem against link failures. In Sectibnl Il westrategy that is a hybrid of 1+N and 1:N. It is claimed that the
present the network model and problem definition. Secfi®¥hs hybrid 1+N link protection provides protection at higheydas
and[V discuss single and multiple link failures and how tand with a speed that is comparable to the speed achieved by
protect these link failures using reduced capacity and oiw the physical layer implementations. In addition, it has lesst
coding. In Sectioi" VI we give analysis of the general castd much flexibility.
of ¢ < n link failures. Section§" V]l an@_VI]l present code In this paper, we provide a new technique for protecting a
constructions and bounds on thetwork protection code network against failures usingrotection codes and reduced
parameters. In Secti@nlX we present an integer linear jpragr capacity, and for the network to recover from such failures in
to find the optimal provisioning under the proposed scheman agile manner. The benefits of our approach are that:
Sectior X introduces some numerical results based on the ILB It allows receivers to recover the lost data without
and a comparison between 1+1 protection and the proposed data rerouting, data retransmission or failure localorati
scheme. The paper is concluded in Secfioh XI. hence simplifying the control and management planes.
Notations: We fix the notation throughout the paper. ketk, i) It has reasonable computational complexity and does not
m, andt be the number of total connections, working paths, require adding extra paths or reserving backup paths.
protection paths, and failures, respectively, where k& +m iii) At any point in time, all n connection paths have full
andt < k. Let L, be a connection from a sendey to a capacity except at one path in case of protecting against
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a single link failure andn < n paths in case of protecting Working
againstt < m link failures. paths \/‘\
iv) The working and protection paths capacities are dis- (—\’.( ——X o )._f—N
tributed among each other for fairness. S1 '/’.( /.Xo PR )._\0 n
S2 o I e 2
[1I. NETWORK MODEL Sny @— SH — @ Iy
Let G = (V, E) be a graph which represents the network
topology.V is a set of network nodes arfd is a set of edges. Sn O E XXt +Xny _® I,
Let there ben unidirectional connections, and I8t C V' be e P
the set of source$sy,...,s,} and R C V\S be the set of Protection
receiver nodes{r,, ...,r,} of the n connections inG. The path Relay nodes

case ofS N R # ¢ can be easily incorporated in our model.

Two nodesu andv in V are connected by an edge, v) in E Fig. 1. Ndetwork Erote&ction agains:1 a Ziinmgle path fﬁilurengs'reduceddd
. . . . acity and network coding. One path out:gfrimary paths carries encode
if there is a dlrec_t connection between them. We a_ssume t@%&\ The black points represent various other relay nodes

the sources are independent of each other, meaning they can

only send messages and there is no correlation between them.

For simplicity, we will assume that a path exists between . . :
andr;, and it is disjoint from the path between andr;, for path. Hence, the protection path is assumed to be inactiee. T

jAi total capacity of\V is given by the summation of all active
The network model\V" can be described in the following Path capacities, divided by the number of paths.
assumptions. This means that each sourgecan send a maximum of one
) Let AV be a network with a set of sourcesoaCket per unit time on a link;. Assume that all links have
S = s, s,} and a set of receivers the same capacity. One can also always assume that a source
R={r1,r ’ ; } 7w7r;ereS URCV with a large rate can be divided into a set of sources, each of
- 9 ) o lin Sy .

ii) Let L be a set of linkd.1, Lo, ..., L, such that there is a which has a_unit Iin.k .c.apacity. . .
link L; if and only if there is a connection path between The following definition describes theorking and protec-

the sendesr; and receiver, i.e., L; corresponds to the tion p"?“h? between two r?etWO”‘ S\.NitCheS as ShOV.V” in Eig. (1).
path Dgflnmon 2: The Work_| ng paths in a network Wlthn con-
nection paths carry traffic under normal operations. Tha dat
{(s56,w13), (wrg, w2i), . . (WY, i)} (1) onthese paths are sent without encoding. Pratection paths
in our proposed scheme carry encoded data from other sources
A protection scheme ensures that data sent from the sources
will reach the receivers in case of failure on the workinghgat
Our goal is to provide an agile and resource efficient self-
healing method forn connections without adding extra paths.
Unencoded data is sent over a pdthwithout adding extra
packet,, = (ID,, x4, 0), (2) Paths. but by possibly reducing the source rates slighthear
combinations of data units are sent on these paths altérnate
where ¢ is the round number of the source packeind by using the reduction in working path capacities. The
packets,. linear combinations are used to recover from failures.

v) All packets belonging to the same round are sent in the Clearly, if all paths are active then the total capacity of al
same round slot. The senders will exchange the rule &Snnections 9
sending plain and encoded data for faimess, as will beIn general, the total normalized capacity of the network for

|IIusFrated below. o the active and failed paths is computed by
v) All links carry uni-directional data from sources to re-
n

ceivers. On = 1 Z . @)
vi) We consider the scenario where the cost of adding a n L= "

new path is higher than just combining messages in an =l

existing path, or there is not enough resources to provision

dedicated paths in the network.

wherel < i < n and (wg_1),wj) € E, for some
integer\ > 1. Hence we havéS| = |R| = |L| = n. The
n connection paths are pairwise link disjoint.

iif) Every sources, sends a packet with its owhD,, and
dataz, to the receiver,, so

We can define the unit capacity of a link L; as follows. V- PROTECTINGNETWORKSAGAINST A SINGLE LINK
Definition 1: The unit capacity of a connecting path, FAILURE
betweens; andr; is defined by In this section we study the problem of protecting a set of

connections against a single link failure in a netwgvkwith
(3) a set of sourcess and a set of receiver®. This problem
has been studied in [12], [13] by provisioning a path that is
What we mean by aactive path is that the receiver is able tolink disjoint from all connection paths, and passes throaljh
receive and process unencoded signals/packets throutjii@utsources and destinations. All source packets are encodedin

1, L; is anactive working path;
C; = .
0, otherwise.
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single packet and transmitted over this path. The encoding i @ < X, ;®

dynamic in the sense that packets are added and removed at :

each source and destination. @ » X ‘O
- Lt 1'2

Assume that every souree has its own message. Also,
sources; forms the encoded datg which is defined by

»
[
»
.
-1

XX X X X
%:aq@@xz;ﬁj@@a:n (5) ®= M =®

1

where the sum is over the finite field, = {0, 1}. In this case, E
the symbolg® is the XOR operation. @ P X _ @

Sources;, for i # j, sends a packet to the receivers

which is given by Ok %, D)

Fig. 2. Network protection against a single link failurengsreduced capacity

packetsi = (IDSi s L 5)' (6) and network coding. One connection outrofrimary working paths carries
encoded data, i.e. protection path. Thererarel active working paths carr
On the other hand, plain data. P P 9P Y

sources; sends a packet that will carry the encoded data
y; to the receiver; over the linkL;,

packets; = (IDs,,y;,0). (7) We notice that every message has its own round. Hence the

. . . _ 8rotection data is distributed among all paths for fairness
Now we consider the case where there is a single failure on

link Lj. Therefore, we have two cases: . . .
i) If k = j, the link L; has a failure, and the receiverdoes A. Network Protection Codes (NPC) for a Single Link Failure
not need to query any other node since lihk carries ~ We can define the set of sources that will send encoded
encoded data that is only used for protection. All othgrackets by using constraint matrices. We assume that there i
receiver nodes receive their data correctly on links whichinetwork protection code C C F# defined by the constraint
have not failed. matrix
i) If k& # j, then the receiver;, needs to query the other

(n — 1) nodes in order to recover the lost data over 10 0 1

the failed link L. The reason is that, exists either at 01 ... 0 1

r;, and it requires information of all other receivers, G=| . . . (10)
can be recovered by adding all other— 1 data units. -

The recovery is implemented by addigpgand allz; for 00 ... 11 (n—1)xn

i # j, andi # k. This follows from Equation[{5).

This shows that only one single receiver needs to performWithout loss of generality, in MatriX(10), far < j < n—1,
(n — 2) addition operations in order to recover its data if itthe column vector( gi; g2; ... gm-1; )’ in F5~
link fails. In other words, all other receivers will receitlee corresponds to (n-1) sources, say for example the sources
transmitted data from the senders of their own connectiof§ s,,...,s,_1, that will send (update) their values to (n-
with a constant operatio®(1). 1) receivers, say i.en,r9,...,7,—1. AlsO, there exists one

The following example illustrates the plain and encoded dagource that will send encoded data, e. g., soutc® the
transmitted from five senders to five receivers. above matrix. The row vector gi1  gi2 ... gin ) IN FY
etermines the channels, Lo, ..., L,.

Example3: Let S and R be two sets of senders andd - . .
P The weight of a row inG is the number of nonzero

receivers, respectively, in the network modél The following . o .
scheme explains the plain and encoded data sent in fR)S”!e”‘S- we c_ieflnelmm to be the minimum weight of a
[Qw in G. Put differently

consecutive rounds from the five senders to the five receive

cycle 1 2|3

rounds | 1 2 3 4 5 |...0... dmin = min{|g;; # 0,1 < j <n|, 1 <i<n-—1} (11)

S§1— T yi ] Ii Iz xi R I 8 Hence, since every row it¥ has weight of two,,;, = 2.

IR e T e T B IR ®  We can now define theework protection code that will

RN I B TS B B B R protect a single path failure as follows:

IO B I T TS TR R Definition 4: An [n,n — 1, 2] network protection code C is

5 775 [T T5 W5 Ty Y4 o] an — 1-dimensional subspace of the spdtg defined by the
The encoded datg;, for 1 < j <5, is sent as generator systematic matrix and is able to recover from a

single network failure of an arbitrary path;.
j—1 5 This means that ajn, n — 1, 2] code ovelF; is a code that
y; = Zx-g—l + Z . (9) encodegn —1) symbols inton symbols and detects (recovers
i=1

=it 1 from) a single path failure. We note that thetwork protection
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codes NPC are also error correcting codes that can be used foRecovery from a single path failure is summarized by the
erasure channels. The positions of errors (failures) aogvhn next two lemmas.

Remark5: The number of failures that can be recovered Lemma_6: Encoding the (_jata from source\{s; } a_t a
by an NPC is equal to the minimum distance of the codeU'¢€s; 1N the network/\ is enough to protect against a
minus one, i.e.f = d,in — 1. Sometimes we refer to NPCSlngle path failure.
by the number of failures, otherwise they are defined by the Lemma7: The total number of encoding operations needed
minimum distancel,,,;,, as shown in Table (Ill). to recover from a single link failure in a network” with

In general we will assume that the codedefined by the n sources is given byn — 2) and the total number of
generator matrixG is known for every source; and every transmissions is..
receiverr;. This means that every receiver will be able to The previous lemma guarantees the recovery from a single
recover the datar; if the link L; fails, provided thatL; arbitrary link failure.
is active in the sense defined in Definitidd (1). Hence, the Lemma8: In the network model\, through out each

rows of the generator matri¢’ are the basis for the codeC cle, the average network capacity of protecting against a

C. We assume that the positions of the failures are know, ngle link failure using reduced capacity and network ogdi
Furthermore, every source node has a copy of the (ﬂ)deis given by(n — 1)/n

Without loss of generality, the protection systematic imatr Proof: i) We know that every source; that sends the

among all sources is given by: dataz; over a working pathl.; has capacity; = 1. ii) Also,
the sources; sends the encoded daja at different slots, has
|Li Lo -+ L,1 L, an inactive capacity. iii) The soureg is not fixed among all
nodesS, however, it is rotated periodically over all sources for

S1 T 0 e 0 T . . .
5 0 a9 - 0 7 fairness. On average one source of theodes will reduce its
(12) capacity. This shows the capacity Af as stated. |
Sn—1 || 0 0 -+ &noa Tna V. PROTECTING NETWORKSAGAINST MULTIPLE LINK
total || o1 @2 ... Tp—1  Yn FAILURES

wherey,, is the protection value collected from every source In the previous section we introduced a strategy for self-
healing from single link failure for autonomic networks.
However, it was shown in [17] through an experimental
study that about430 of the failures of the Sprint backbone
n—1 . . . .
B Z . (13) network are multiple link failures. Hence, one needs togtesi
Yn = — ‘ a general strategy against multiple link failures for thegmse
1=

. L . of self-healing.
where the summation operation is defined by the XOR oper, iis section we wil generalize the above strategy to
ation.

s; that will be encoded at sourcg,, forall 1 <: < n — 1.
Put differently, we have

protect against path failures usingnetwork protection codes
In a general scenario, the system operates in cycles, wh@¥C) and the reduced capacity. We have the following
each cycle consists of rounds, such that at round< j <n assumptions about the channel model:

of a cycle we have i) We assume that any arbitrary paths may fail and they
n may or may not be correlated.
y; = Z x; (14) i) Locations of the failures are known, but they are arbitra
i=1,i#j amongn connections.

where the round number of a packet is not shown for iii) In order to protectn working paths,k connection must
simplicity with the understanding that it is the first packet carry plain data, ang» = n — k connections must carry

in the source’s output queue. We assume that every source encoded data.

s; has a buffer that stores its value and can also send the Iv) We do not add extra protection paths, and every source
protection valuey;. Hence in the channel;, s; prepares a node is able to encode the incoming packets indepen-

packetpacket,, that contains the value dently.
v) We consider the encoding and decoding operations are

packets; = (IDs;,y;,6), (15) performed oveiF.
and sendes; for i # j will send its dataz; in a packet,, In Section§ VIl and VIl we will show the connection between
over the channeL, defined as follows error correcting codes that are used for erasure channdls an
packet,, = (IDs,, 21, 0), (16) the proposedhetwork protection codes [9], [16].

Assume that the notations in the previous sections hold.
In general each source will serfd — 1) packets containing Let us assume a network mod#&l with ¢ > 1 path failures.
plain data, and exactly one packet contain encoded datd in@he can define grotection code C which protectsn links

n rounds. The transmission will be repeated in cycles, henae shown in the systematic matri¥ in (I7). In general,
every cycle has: rounds. the systematic matrixG defines the source nodes that will
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send encoded messages and source nodes that will send édnlfEncoding and Recovery Operations
plain message without encoding. In order to proteetorking

paths,k connection must carry plain data, and = n — &k gre achieved at the sources and receivers, respectively.

connections must carry encoded data. o _ Encoding ProcessThe network encoding process at the set
The generator matrix of the NPC for multiple link fallure%f senders are performed in a similar manner as in Setibn IV.

We shall illustrate how the encoding and recovery operation

is given by: Every sources; has a copy of the systematic matkand it
will prepare a packet along with its ID in two different cases
r 7 First, if the sources; will send only its own datar; with a
Lo 0 B full link capacity, then
0 1 0 | P21 ... Dom ult-h pacity,
B Do I
G = 00 ... 1 | Pe1 - DPkm - (A7) packets, = (I1Ds,, ;,6). (20)
identity matrixk x & Submatrixr, ... " Second, ifS is the set of sources sending encoded messages,
i . ) . ; | en
wherep;; € Fs
k
The matrixG can be rewritten as packet,, = (ID,. Z Dpee, 0) (21)
J 37 ) 9
G=|n|P| (18) (=LisegS

. . . herep,; € Fs.
where P is the sub-matrix that defines the redundant da% Pej € 2 .
The transmissions are sent in rounds. Therefore, the sender

k
lelp”. to be ser_1t to a set of sources for the purpose_\(l)\}‘m alternate the role of sending plain and encoded data for
self-healing from link failures. Based on the above matri s irmess
every sources; sends its own message to the receiven; .

. . " . . X Recovery ProcessThe recovery process is done as follows.
via the link ;. In additionm links out of then links will carry . . .
L . . Assumet failures occur, then a system of linearly independent

encoded data. Lef,,;, be the minimum distance (minimum . . .

; : equations oft variables (corresponding to the data lost due
weight) of a nonzero vector in the matrix.

Definition 9 An [n, k, dynin] Network protection code C to the failed paths) can be solved. Thecket,, arrives at a

is a k-dimensional subspace of the spdeg that is able to receiverr; with an associated round numbér,The receiver
recover from all networkpfailures up ,[DFL d 1 r; at time slotn will detect the signal in the linkl;. If the
— Wman — L.

link L; fails, thenr; will send a query to other receivers in

In general thenetwork protection code (NPC), which pro- p 1.1 asking for their received data. Assume theretapath
tects against multiple path failures, can be defined byt res. Then we have three cases:

generator matrixG known for every sender and receiver. Also, 1) Al ¢ link
there exists a parity check matri{ corresponds td+ such that
that GH?T = 0. We will restrict ourselves in this work for
NPC that are generated by a given generator mairix the
systematic. In addition, we will assume that theotection )
codes are defined by systematic matrices defined @&ef9],
[16]. An [n, k,t]o NPC code is also afn, k, d,,in]2, Wwhere
t = dmin — 1.

Without loss of generality, at one particular round and eycl
the protection matrix (scheme) among all sources is given by

failures have occurred in links
carry encoded packets, i.epackets, =
(IDSj,Z;f:l,sléspljl'g75). In this case no recovery
operations are needed.
All t link failures have occurred in links that do not
carry encoded packets, i.eqgckets, = (IDs,,2;,5). In
this case, one receiver that carries encoded packets, e.g.,
rj, can sendn —m — 1 queries to the other receivers
with active links asking for their received data. After this
process, the receiver; is able to decode all messages
and will send individual messages to all receivers with
|Li Lo - Ly Ly Lips ... Ly link failures to pass their correct data. _ _
3) All ¢ link failures have occurred in arbitrary links. This

siffer 0 0 pn@ przn . Pimd case is a combination of the previous two cases and the
s2| O @ e 0 p2Ze Pty . pamds (19) recovery process is done in a similar way. Only the lost
: : data on the working paths need to be recovered.
el 0 O 00 @k Pk Ptk - PhmT The proposed network protection scheme using distributed
Tlor w2 .o @ n Y2 oo Um capacity and coding is able to recover uptte< d,;, — 1
link failures (as defined in Definitio (9)) amongpaths and
We ensure that = n — m pathsLi, Lo, ..., L have full it has the following advantages:
capacity and they carry the plain data, 2o, ..., x;. Also, i) k= n—m links have full capacity and their sender nodes
all otherm paths have inactive capacity, in which they carry  have the same transmission rate.
the encoded datg,, y2, - - ., ym- In addition, them links are ii) The m links that carry encoded data are dynamic (dis-

not fixed, and they are chosen alternatively betweenrthe tributed) among alln links. So, no single linkZL; will
connections. always suffer from reduced capacity.
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iii) The encoding process is simple once every senger VII. CoDE CONSTRUCTIONS ANDBOUNDS

~ knows the NPC. _ _ _ _ Assume we have: established connections in the network
iv) T_he recovery from link fallgres is done in a dynamic anghodel A/. The goal is to design a gogafotection code that
simple way. Only one receiver node needs to perform “E)‘?otectst failures. What we mean by a goguiotection code
decoding process and it passes the data to other receiygk$at for given number of connectionsand failureg, it has
that have link failures. large number of working paths. Hence the protection code has
a high performance. In addition, we establish bounds on the
network protection code parameters in the next section.
One way to achieve our goal is to design codes with
We shall provide theoretical analysis regarding network —arbitrary minimum distances. The reader can consult any
protection codes. One can easily compute the number ofhtroductory coding theory book, for example [9], [16]. g
paths needed to carry encoded messages to protect agaimstse a BCH code with designed distarcand lengthn can
link failures, and compute the average network capacitg The used to deploy this goal.
main idea behind NPC is to simplify the encoding operations We shall quickly review the essential construction of non-
at the sources and the recovery operations at the receiv@rimitive narrow-sense BCH codes that will be used in the nex
The following lemma demonstrates the average normalize€ction. Letg be a prime power, and, ;. andd be positive
capacity of the proposed network mod€l wherer failures integers such thajed(g,n) = 1, and2 < d < n. Furthermore,
occur. 1 is the multiplicative order ofg modulo n. Let o be a
Lemmal0: Let C be anetwork protection code with pa- primitive element inF,.. A nonprimitive narrow-sense BCH
rametergn, n—m, dmin] OverFs. Letn andm be the number codeC of designed distancéand lengthy /2 < n < g —1
of sources (receivers) and number of connections carryifger F, is a cyclic code with a generator monic polynomial

VI. CAPACITY ANALYSIS

encoded packets, respectively, the average normalizetitgp 9(z) that hase, o2, .. ., a’"! as zeros,
of the network\ is given by d—1
g(@) = [z —a). (23)
(n—m)/n. (22) bl

Thus, c is a codeword inC if and only if c(a) = c¢(a?) =

Proof: At one particular round, we have: protection e ) ) )
...=c(a’ ") = 0. The parity check matrix of this code can

paths that carry encoded data. Hence therewaren working i
paths that carry plain data. The result is a direct consezpuef® defined as

by applying the normalized capacity definition. [ | 1 e} o? e an!
1 o ot L. a2(n71)
Remark 11: In the network protection modgV, in orderto  Hpep, = | . ) ) . ) . (24)
protectt network disjoint link failures, the minimum distance : : : E :
dmin Of the protection code must be at least 1. 1 ad=t g2d=b ... gld=Dn-D

The previous remark ensures that the maximum number ofif the minimum distance of this code i,,;, > d, then
failures that can be recoveredds,;, — 1, whered,,.;,, is the the code can recover up th,;, — 1 failures. In this case the
minimum distance of theetwork protection code. For sim- number of connections that will carry plain data is given by:
plicity, we denote a NPC defined ovEg by [n, n—m, dyinl2
unless stated otherwise. k<n—pl(d-1)1-1/qg)]. (25)

For example one can use the Hamming codes with paramBut this is an upper bound in the dimension of the NPC,
eters[2” —1,2" —r — 1, 3], to recover from two failures. One aka, the number of working connections that carry plain.data
can also puncture or extend these codes to reach the requiradrefore, we seek a result to determine the exact dimension
length, i.e., number of connection, see [9] for deriving neWortunately, this can be obtained when the designed distanc
codes from known codes by puncturing, extending, shortgeniof BCH codes are bounded. The following Theorem enables
those codes|7,4, 3]s, [15,11, 3]z, and [63,57, 3], are exam- one to determine the dimension in closed form for BCH code
ples of Hamming codes that protect against two link failuresf small designed distance.

The protection codfl 5, 11, 3] has15 connections among them  Theorem12: Let ¢ be a prime power angcd(n,q) = 1,
are 11 working paths and! protection paths, in addition thewith ¢* = 1 mod n.Then a narrow-sense BCH code of length
minimum distance i$$ and the code protectslink failures.  ¢l#/2) < n < ¢# —1 overF, with designed distancé in the

Another example is the BCH codes with arbitrary desigrange2 < d < dmax = min{|ng/*/?1/(¢* — 1)],n}, has
distance, i.e.[n, k,dnin > 0]2. It is well known that the dimension of
minimum distance of a BCH code is greater than or equal to
its designed distance. Referendes, 11, 3], [31, 26, 3], and f=n—pl(d=1)1-1/q)] (26)

[63, 56, 3] are examples of BCH codes that protect up to two  Proof: See [4, Theorem 10]. [ ]

link failures. Also,[15,8,5]2, [31,21,5]2 and[48, 36, 5], are For small designed distancé we can exactly compute
examples of BCH codes against four link failures [9], [161the minimum distance of the BCH code, see Tables [(I), (1),
In the next section we will include tables of the best knowand [IIl). Consequently, determine the dimension of the pro
network protection codes. tection code. This helps us to compute the number of failures
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TABLE | TABLE I
BEST KNOWNnetwork protection codes AGAINST SINGLE AND DOUBLE BEST KNOWN network protection codes AGAINST UP TO FOUR LINK
LINK FAILURES FAILURES. SUCH CODES CAN BE PUNCTUREDEXTENDED, OR SHORTENED
TO OBTAIN THE REQUIRED LENGTH AS SHOWN INSECTIONVIIT]
n m | code type
n m | code type

7 3 (7,4, 3]2 Hamming code
10 4 (10,6, 3]2 Linear code 15 7 15,8,5]2 Hamming code
15 | 4 15,11, 3]2 Hamming code 19 | 8 19,11, 5]2 Lengthening Hamming-Preparata cogle
19 | 7 19,12, 3]2 Extension constructiory 20 | 11 [20,9,5]2 Lengthening Hamming-Preparata code
23 8 23,15, 3]2 Extension construction 23 9 23,14, 5]2 Linear code
25 5 25,20, 3]2 Linear code 31 10 | [31,21,5]2 BCH code
31 5 31,26, 3]2 Hamming code 33 10 | [33,23,5]2 Linear code
39 | 8 39,31, 3]2 Extension constructior 35 | 13 [35,22,5]2 Shorting Preparata code
47 9 47,38, 3|2 Extension construction 63 11| [63,52,5]2 Preparata code
63 6 63,57, 3]2 Hamming code 70 12 | [70,58,5]2 Lengthening Hamming-Preparata coge
71 8 71,63, 3]2 Matrix construction 81 13| [81,68,5]2 Linear code
79 9 (79,70, 3]2 Extension construction 128 | 14| [128,114,5]2 | BCH code
95 | 10| [95,85,3]2 Extension construction 135 | 18| [135,117,5]2 | Shorting Preparata code
127 | 7 (127,120, 3]2 | Hamming code

parameters as follows.
that thenetwork protection code can recover. In practical cases, (dmin—1)/2]
the number of failures is small in comparison to the number Z (
of connections: that makes it easy to exactly compute the
parameters of thanetwork protection codes. Theorem [(IR)
made it explicit straightforward to derive the exact parterse
of NPC based on BCH codes.

a-1) <t 28)
1=0

For the binary Hamming bound of protection paths

We shall give many families of NPC codes derived from w2l N
BCH codes oveF',. One final thing is that one can also start Z ( > <2 (29)
by a code for a given length, and will be able to puncture, =0

shorten, or extend this code, see [9, Chapter 1.]. This will We have the following lemma on the minimum number of
dramatically change the number of working and protectigrotection paths ohetwork protection code parameters.
paths and failures which the code can recover. Lemmal3:

L¢/2]

oz mas {1102, (3 (V) 1))} 0)

A. Bounds on the Code Parameters i—0

Bounds on the code parameters are needed to measure Proof: The.proof is a direct consequence from the Single-
its performance and error recovery and detection capiesilit ton @and Hamming bounds. Applying Equatiohs](27) €nd (28)
For a given code parameters lengthand dimensiork, we 9ives the result. u
establish a bound on the minimum distance of phatection
codes derived in the previous section. VIII. TABLES OF BESTKNOWN PROTECTIONCODES

The most well-known upper bounds on error-correcting In this section we investigate which codes are suitable for
codes over symmetric and erasure channels are the Singletwork self-healing against link failures. We will presen
ton and Hamming bounds [9], [16]. The Singleton bounseverahetwork protection codeswith given generator matrices
establishes the relationship between the length, dimensiand exact parameters. The proposed codes are not negessaril
and minimum distance of the code parameters, i.e. n, k, aoptimal, i.e. they do not saturate the Singleton bound. The
dmin. However, it does not specify the connection betweastassical Singleton bound is given by
code parameters and the alphabets size q. The packing bound,
known as Hamming bound, takes in consideration the codes k<= dmin+1 (31)
parameters:, k, d,,;, along withgq. This bound shows that the number of protection paths must

We can also state upper bounds on tieavork protection be at leastd, i, — 1, i.€.,m > dpi, — 1. The equality of this
codes[9], [16]. The Singleton bound on threstwork protection  inequality occurs in case of a single path failure.
code parameters are stated as follows. Ldte the number of  We notice that all senders do not participate in the encoding

failure that the code can protect. vectors. This means that the proposed codes are suitable for
the general protection case where a set of working paths
t<n-—k (27) is protected by a protection path. This will reduce our pro-

posed codes to be also used for network protection using p-
The equality in this bound will hold if the size of the useaycle [12], [14].
finite field is greater tham — ¢. The codes shown in Tablél (1) are used to protect against
One can also state the Hamming bound in the network cosiagle and double link failures using their symmetric gaer
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TABLE Il .
FAMILIES OF BCH CODES THAT CAN BE USED Asnetwork protection codes ~ CaITy encoded data. The matiikpresents the construction of
AGAINST LINK FAILURES. NPC, and the senders that will send encoded and plain data.
Example15: The codeC has parameter§l5,8,4], and
n | m| BCH Code generator matrbG given by:
15 | 4 15,11,3 - -
e R Y 1000000011 0°1000
15 | 8 | [15,7,5] 0100 00O0OO0OO0OT1TT1O0T1TO0OTFO
81| 5 I[31,26,3] 0010000000110 10
31 | 5| [31,26,3]
31 | 10| [31,21.5] 000100000001101(33)
31 | 15| [31,16,7] 000OO0OT1O0OO0OO0OT1TT1TO0T1TT1TT1TO0
31 | 10| [31,11,11]
31 | 25| (31,615 0000 OT1TO0OO0OO0OT1TT1TO0T1T11
127 | 49| [127,78,15) 0000 O0OOOT1TT1O0OT1TTUO0OTUO0OTGO0O1
127 | 21| [127,106,7] - .
127 | 50| [127,77, 27) This means that all sendeks, ..., ss will send plain data
over the working connectiod.q, ..., Lg. Also, the senders
s9,...,515 WIill send encoded data over the protection paths

matrices. Also, the codes in Tablg](Il). Tadle](Ill) presetite L. ..., L;5. In this encoding scheme, the connectibnwill
best known BCH codes for arbitrary minimum distance ovearry encoded data fromy, s5, s and ss.
Fs.

Given a NPC with parametefs, k, d,,,;], one can possibly

obtain a new NPC by shortening, extending, or puncturing IX. ILP FORMULATION
this code. If there is an NPC with parameters$n, k, din ]2,
then by i) shortening yields a code with parametefs — The problem of finding link disjoint paths between pairs of

1, k—1,dmin|2, i) puncturingC yields a code with parametersnodes in a graph is known to be an NP-complete problem [22].

[n — 1,k,dmin — 1]2, i) appendingC yields a code with Hence, even finding the working paths in this problem is hard.

parametersn + 1, k, dmin + 1]2, iv) extendingC yields a code We therefore introduce an Integer Linear Program (ILP) for

with parametersn + 1,k + 1, dinin]2. solving the reduced capacity network coding-based priotect
For example, if there is a BCH Hamming code witthroblem introduced in this paper.

parameter$l5, 11, 3]]2, then there must be codes with param- The purpose of the ILP is to find a feasible provisioning for

eters[14, 10, 3] (by shortening)[14, 11, 2], (by puncturing), groups of connections, such that:

[16,11,4]2 (by appending)[16,12,3], (by extending). The

interested readers might consult textbooks in classicaingp

theory for further propagation rules [9], [16].

o The paths used by a group of connections protected
together are mutually link disjoint.

« There is a circuit,S, which connects the sources of all
connections protected together, and this circuit is link

A. lllustrative Examples disjoint from the working paths. Th& circuit is used

Example 14: Consider a BCH code’ with parameters to exchange source data units in order to form the linear
15,11, 3], that has designed distangeand generator matrix combination of data units to be sent on the path used for
G given by: that purpose.

o There is a circuit,R, which connects the receivers of

1000 0 0O0O0OOOOT1TT1O00O0 all connections protected together, and this circuit i& lin
0100 0O0OO0OO0ODOODOOT1TT1O0 disjoint from the working paths. Th® circuit is used
0010 0O0OO0OO0OO0OO0OOOO0OT11 by the receivers to recover from lost data units due to a
0001 0O0OO0OOOTODOT11T1O01 failure.
00001 O0OO0OO0OO0OODOT1TO0OT1TO0 « The total number of links used by the working paths, the
0000O0OT1TO0OO0OOOOOT1TO0T1](@2 S circuit and theR circuit is minimal.
000000100001110 We assume that the number of channels per span is not
8 g 8 000010000111 upper bounded, i.e., the network is uncapacitated.
000 8 8 8 8 8 (1) (1) 8 i (1) } } The following table defines the input parameters to the ILP:
N number of connections
L0000 0000001100 1] s, source of connectioh

The codeC over F, can be used to recover from two link 7,  destination of connectioh
failures since its minimum distance % One can puncture, §* a binary indicator which is equal to 1 if connec-

shorten, or extend this code to obtain the required codeheng tions h and! have the same destination
which determines the total number of disjoint connectionsy™  a binary indicator which is equal to 1 if connec-
In this example we havd5 connections, and1 primary tions h and! have the same source

working paths. Furthermore, the linds,5, L3, L14, L15 Will The variables used in the formulation are given below:
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nhl

,J

phl

hl
J

Ph

Qh

h
2%

binary variable which is 1 if and only if connec-
tions h and! are protected together

binary variable which is 1 if and only if connec-
tion h uses link ¢, j) on the working path

binary variable which is 1 if and only if connec-
tion h uses link ¢, ) on its S circuit

binary variable which is 1 if and only if connec-
tion h uses link ¢, j) on its R circuit

binary variable which is 1 if connectioh uses
link (i, 7) on its backup path

binary variable, which is 1 if and only if th&
circuits for connections and! share a nodej
(required ifn/* = 1).

binary variable, which is 1 if and only if th®
circuits for connections, and! share a nodej
(required ifn = 1 and 6" = 0).

binary variable, which is 1 if and only if con-
nection h is protected with another connection
that has a source different than that fof(this
variable is important since ifi is not protected
with another such connection, there is no need
for the S circuit).

binary variable, which is 1 if and only if con-
nection h is protected with another connection
that has a destination different than that fof
(this variable is also important since if is not
protected with another such connection, there is
no need for theR circuit).

binary variable which is 1 if and only if connec-
tionsh and! are protected together, and share link
(4, 7) on thesS circuit.

binary variable which is 1 if and only if connec-
tionsh and! are protected together, and share link
(4, 7) on theR circuit.

binary variable which is equal to 1 if connection
h is the lowest numbered connection, among a
number of jointly protected connections, to use
link (i,7) on its S circuit (used in computing the
cost of theS circuit).

binary variable which is equal to 1 if connection
h is the lowest numbered connection, among a
number of jointly protected connections, to use
link (4,7) on itsR circuit (used in computing the
cost of theR circuit).

binary variable which is equal to 1 if the sec-
ondary protection path for connectignuses link

(i, 7).

Minimize:

In the above, the summation is the cost of the links used

Z(zﬁfj + B0 +0.570 +0.500 )
i3,k

the connections’ working paths and tBeand R circuits. It
also includes the cost of a secondary circuit for 1+1 pragact this cost are th 1’; variables, and are evaluated in Equation
in case network coding-based protection cannot be used. THE), which makes it equal tbfj only if the connection is
calculation of these cost factors will be explained using tmot protected with another connection. Finally, Equatég) (
constraints below.
Subject to:

The following constraints are enforced in the working and
protection paths.

I- Constraints on working paths:

zfysh’ =0 Vh, i# sn (34)
2t =0 Vh, j#m, (35)
> ozl =1 Vh (36)
7:758;7,

z{frh =1 Vh (37)
iFT]
Zzlhj = Zzﬁ Yh, j # Sp, Th (38)
Azl 42l e <2 Wh L (39)

Equations[(31),[(36)[(35) and (37) ensure that the traffic on
the working path is generated and consumed by the source and
destination nodes, respectively. Equation (38) guararftew
continuity on the working path. Equatidn {39) ensures that t
working paths of two connections which are protected togreth
are link disjoint. Since a working path cannot use two lirks i
opposite directions on the same span (or edge in the graph),
then two connections which are protected together canret us
the same span either in the same, or opposite directions. Suc
a condition is included in Equatiof (39).

[I- Constraints on secondary protection circuits:

h .
bis, =0 Vh, i# sy (40)
br =0 Vh, j#m, (41)
vk =1 vh (42)
i#Sh
Sk, =1 vh (43)
i£Th
STvh=N"0l Vh, jA s, e (44)
b0l =Sl b 1, (45)
l
h h .

The above constraints evaluate the cost of the secondary
protection paths used for 1+1 protection. There are two sets
of variables in the calculation of this cost. The first one is
the bfj variables, which are evaluated in Equations| (£0)-(44)
using exactly the same way théé- variables are evaluated.
However, the cost that goes into the objective function ddpe

by whether connectioh is protected with another connection
using network coding or not. The variables which evaluate

makes sure that the working and the used secondary paths are
link disjoint.
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lll- Constraints on P circuits: IV- Constraints on R circuits:
Q" >l — 5" wh,i (56)
h h .
q ;i =Q" Yh,i#r 57
Pt > — Akt g (47) Z g A 1)
> ophi=P" Vh i#s, (48) Sk, =Q" Vh it (58)
> Pk, =P" Vh i#s, (49) STali=>"ql vh j (59)
h __ h : h h
n=>"pl Vh 50 b+l
zi:pﬂ zi:pﬂ J (50) zfj+7qﬂ2qﬂ <1 Vhi,j (60)
h h
P + Dji - L 4gl
o+ <1 Vhiyg (51) zg+%+n’” <2 Vhij (61
l l
L4l h l hl :
ZZ + w +nM <2 Vh,i,j (52) Z(Qij + qij) >2Q7 Vhl,j (62)
> +py) = 2P Vhlj (53) SO+ dh) > 2QM h,Lj (63)
> W) +pl) = 2P k1 (54) STQM = nh — 5" v, (64)
i j
ZP}” >nM — 4" vh,l (55) Equations[(56)E(4) are similar to Equatiofs](47)H(55), bu
J they apply to the destinations and to tRecircuit. Therefore,

the variablesP", 4", p; and P/" are replaced byp", 6",
g5 andQ"', respectively.

Equation [(4V7) ensures that the source of connectionill Constraints on joint protection:

be connected to & circuit only if it is jointly protected with
another connectiori, However, there is one exception to this nht 4 plm — 1 <pM™m o Wh1m (65)

have the same source. In this case, $r@rcuit is not needed, protected together, and connectidredm are also protected

and this is Why’th is subtracted from the right hand sid&ggether, then connectioisandm are protected together.
of the equation. Notice that if is protected together with \/. constraints for cost evaluation:

another connection that has a different source, then Emuati Pl 4 ph. + nhl

@7) will then require that & circuit be used. Equations_(48) P < = ;7 Vi, j, h,l (66)
and [49) will ensure that traffic leaves and entersising the Y

Scircuit, only if it is jointly protected with another conntgan Q?.l < Yij T T Vi, j, h,1 (67)
that has a different source, i.e., whé&t = 1. Equation [BD) ’ l ?;

guarantees connectiol’'s flow continuity on theS circuit. . . — . hl .

Equation [(Bll) makes sure that the working path andSits Tij = Pij ~ ZPU i, ] (68)
circuit are link disjoint, while Equatio (52) makes surattkf lhjll

two connectiong and! are jointly protected, then thgcircuit o> — R 69
of I must also be disjoint from the working path of connection ij = ij ;12::1 2 ' (69)

h. Notice th?t EOt.h of Equgtio dn.as.l) aE]Sﬁ) allos aircuit quations[(66),[(87)[(68) and (69) are used to evaluate the
to use two links in opposite directions on the same span, t of theS andR circuits, which are used in the objective

this is why the sum of the corresponding link usage Variablﬁ?nction Equation[(86) will make sure th@"! cannot be 1

'S d'VIdekd by 2 I'?h bto_:cht\squatlons.t_Eggatlg?ﬂ%EtM)t ‘anmless connections and! are protected together and share
E3) ma eh?ure at1rtwo connectionisand!, aré protected ;5 on thes circuit. Equation[(8l7) will do the same thing
together ; 1), then theirS circuits must have at least O, the R circuit. Note that bothP# and O should be

) - ) - ) . i o

joint node ¢;** = 1 for some;). However, similar to Equation as large as possible since this will result in decreasing the

). aScircuit is not needed if th_e two connecuqns have th(?ost of theS andR circuits, as shown in Equations {68) and
same source,_hence the subtraction/®ffrom the right hand ®9). In equation[(ES)nf-j for connection! will be equal to
side of Equation[(35). 1 only if it is not protected on linkij with another lower
Notice that in the ILP formulation, the constraints impleindexed connection, and will be equal to 0 otherwise. That
ment theS circuit as a set of paths, such that there is a paih, it is the lowest numbered connection among a group of
from each source back to itself. However, the requirement jointly protected connections that will contribute to thest
at least one joint node between every pair of such paths afshe links shared by th8 circuit. Gﬁj which is evaluated by
enforced by constrainf(b5) will make sure that tBeircuit Equation [6P) will also follow a similar rule, but for the
takes the form of a tree. circuit.
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TABLE IV
COST COMPARISON BETWEENL+1 AND 1+N PROTECTION FOR
NETWORKS WITH|V| =6, |E| =9; |V| =8, |E| = 12; AND

V| =10, |E| =20
VILIET | N 1+1 NPC
Total Working Spare| Total Working Sparp
4 15 6 9 14 6 8
6, 9 5 17 6 11 12 6 6
4 19 9 10 16 8 8 1]
8, 12 6 26 10 16 21 11 10
4 16 6 10 12 6 6 [2]
10,20 6 23 10 13 19 9 10
(3]
X. ILP EVALUATION AND COST COMPARISON

In this section results from the ILP formulation developed4]
in the previous section to evaluate the cost of provisioning
circuits to provide self-healing in autonomic networksngsi [g
the proposedetwork protection codes. The ILP was solved
using the Cplex linear programming solver [11]. We alsd®!
compare the cost of provisioning NPC to that of provisioningz
1+1 protection. The cost of 1+1 protection is evaluatedgisin
Bhandari’s algorithm [5]. i8]

We ran the ILP for various network topologies. The net-
work topologies are generated randomly. First, we consader
bidirectional network with 6 nodes and 9 edges along with®
4 and 5 connections. Second, we consider a network with:8;
nodes and 12 edges along with 4 and 6 connections. Finally,
we consider a network with 10 nodes and 20 edges, WhHﬁ]
provisioning 4 and 6 connections. [12]

The results shown in Tabl€_(JV) indicate that the cost of
provisioning self-healing using NPC is always lower thaatth (13
using 1+1 protection, and the saving in the protection recses.
can reach up to 30%. strategy. For example, consider a netwiB#]
with 8 nodes, 12, and 6 connections. The total cost of usiﬁ%]
the 1+1 strategy is 26, while the total cost of using NPC Is
21. The total saving in resources in this case is close to 2004]
However, the saving in the protection resources only is m
than 30%. The advantage of using NPC over 1+1 protection
may even improve further with the size of the network. For
example, for the case of the network with 10 nodes, 20 edg[é@,
and 4 connections, the total cost of 1+1 protection is 16|evhi
the total cost of NPC is 12, which means a total saving of 25%?9]
The saving in the protection resources is also 40% in thie.ca&o]

XI. CONCLUSIONS [21]
We studied a model for recovering from network link?2!
failures using network coding. We defined the concept @fs)
network protection codes to protect against a single link
failure, and then extended this concept and the techniques
to protect against link failures using network coding and
reduced capacity. Sugotection codes provide self-healing in
autonomic networks with a reduced control and management
plane complexity. We showed that the encoding and decoding
processes are simple and can be done in a dynamic way.
We also developed an ILP formulation to optimally provision
communication sessions and the circuits needed to implemen
NPC. This formulation was then used to assess the cost of

12

implementing this strategy, and to compare it to the cost of
using 1+1 protection. It was shown that the use of NPC for
self-healing has an advantage over 1+1 protection, in tefms

the cost of connection and backup circuit provisioning.
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