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Abstract erature [1][2]. Protection schemes can be classified either
aslink protectionor path protectionbased on the initial-
Failure resilience is one of the desired features of the ization locations of the re-routing process. Link protection
Internet. Most of the traditional restoration architectures schemes route a connection around a failed link. In case of
are based on single-failure assumption which is unrealistic. a failure, the nodes connected to the failed link routes the
Multiple link failure models, in the form of Shared- connection around the failed link to the neighboring node
Risk Link Groups (SRLG's) and Shared Risk Node Groupsof the original path. Path protection attempts to provide a
(SRNG's) are becoming critical in survivable optical net- backup path from the source to the destination that maybe
work design. We classify both these form of failures under independent of the working path. Path-based protection has
a common heading of shared-risk resource groups (SRRG)peen established to be the more capacity-efficient approach
failures. In our research, we propose graph transforma- for mesh based networks as compared to link based rerout-
tion techniques for tolerating multiple failures arising out ing schemes [1][3]. Hence the protection model assumed in
of shared resource group (SRRG) failures. our work ispath protection
Diverse Routing in such multi-failure scenario essen-  |n order to provide end-to-end path based restoration,
tially necessitates finding out two paths between a sourcefor each demand the network is required to provide two
and a destination that are SRRG disjoint. The general- diverse paths: the service path and the restoration path.
ized diverse routing problem has been proved toN#&  When the service path fails, the traffic gets re-routed to the
Complete The proposed transformation techniques how- restoration path. There are two commonly used protection
ever provides a polynomial time solution for certain restric- schemes: shared path protection and dedicated path protec-
tive failure sets. We study how restorability can be achievedtion. In case of shared path protection, spare capacity is
for dependent or shared risk link failures and multiple node shared among different protection paths, while in dedicated
failures and prove the validity of our approach for different path protection, the spare capacity is dedicated to individual
network scenarios. protection paths. Shared path protection, although more dif-
ficult to implement, have been proven to be more capacity
efficient than dedicated path protection.

1. Introduction The diverse routing problem is to find two paths between
a pair of nodes in the optical layer such that no single fail-

WDM optical networks have evolved as the primary ure in the phys_ical 'ayef may cause both paths to _faiI. The
transport medium in modern day networks. Customers problem of finding two diversely routed paths in optical net-

expect to see uninterrupted service, even in the event 0fworks is much more difficult than the traditional edge/node

failures such as power outages, equipment failures, natu—d'sjo'nt path problem in graph t.heory [8_][1_4]'
ral disasters and cable cuts. Many optical-layer protection ~ Instances where separate fiber optic links share a com-

schemes for WDM networks have been proposed in the lit- mon failure structure is often referred to as SRLG (Shared-
Risk Link Group) [4][5]. Two examples of such shared-risk
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ure. In this paper, we consider the diverse routing problem methodologies and also validate the correctness of these al-
within a generalized framework where SRLG’s are used to gorithms, thus making it feasible to be applied to large net-
represent a set of optical links that are affected by a singleworks with huge traffic demands.

failure in the physical layer. Finding a pair of diverse paths

in the optical layer translates to finding a pair of SRLG- 1.1. Outline of the paper

diverse paths.

The remainder of the paper is organized as follows: Sec-
tion 1l will give a brief description of shared risk resource
groups (SRRG's). Section Il describes the graph transfor-

Ry mation techniques for diverse SRLG routing. Section IV
) ° performs the complexity analysis of the SRLG disjoint rout-
e o ing methodology. Section V discusses about diverse routing
. in SRNG scenarios. Section VI presents the computational
G ’ h complexity for SRNG disjoint routing. We conclude the pa-
’ per in Section VII.

Figure 1. Shared-Risk Link Groups and their . ,
corresponding physical routes. 2. Shared-Risk Resource Groups (SRRG’s)

In traditional networks the importance of protection

The diverse routing problem have been shown to be NP-against failures arising out of shared risk resource groups
Complete in [6], a result that has been conjectured by sev-(SRRG) is increasing, thus motivating us to study different
eral other researchers in [7][8][14]. Recent studies havefaylt tolerant mechanisms. One of the classes of SRRG's
proven the NP-completeness of the generalized SRLG di-comprises of multiple links sharing a common component
verse routing [6][7][9][10], a special case of the diverse \whose failure causes failure of all links in that group. One
routing problem. The two sub-problems, the least coupled such common class of components include ducts, or con-
SRLG path problem and the minimum cost SRLG diverse duits through which multiple independent logical links are
routing problem has been also shown to be NP-Completerouted in the ground. Any physical failure of one of these
[6]. The routing problem under both wavelength capacity ducts can invoke a logical failure of multiple links as illus-
and path length constraints has been also shown to be NPtrated in Fig. 2(a). A single link can be part of more than
complete [12]. one SRLG. As shown in Fig. 2(a) the link connecting nodes

In [7][14], different heuristic approaches have been stud- 1 and 3 is part of two SRLG'®; andR,. In our research,
ied for diverse routing in presence of SRLG’s. One of the we concentrate oto-incident SRLG’M]' which are groups
common problems that arises in restoration path computa-incident on a common node.
tion is the existence of aap topology With a trap topol- Another instance of a shared-risk resource failure
ogy, if a service path is independently routed over a trap (SRRG), is the failure of two or more nodes that are con-
topology, then there may not exist a diverse restoration path, gcted by a common channel or link and are often referred
even though two diverse paths exist in the network. Differ- 14 a5 shared risk node groups (SRNG’s) (Fig. 2(b)) . In prac-
ent heuristics such as Active Path First (APF), which finds tce sych a failure of one or more nodes may be due to some
an active path first, followed by an SRLG-disjoint backup mgjicious signal which corrupts the transmission (laser’s) at
path, is a simplistic viable technique but it sometimes leads pyoth, the end-points of the link or maybe due to some power

to trap scenarios [13]. Alternative solutions for avoiding outage in an area, leading to simultaneous failure of some
trap scenarios in shared risk link disjoint routing have been ,odes in the network.

proposed in [7][13].

In this paper, we address the problem of diverse rout-
ing in SRLG situations as well as multiple failures arising
out of nodes sharing a common risk of failure. We clas-
sify both these sub-problems under a generalized heading
of shared risk resource group (SRRG) routing. In this paper In the following sections we present graph transforma-
we propose a polynomial time graph transformation heuris- tion techniques for finding out two shared-risk group dis-
tic for solving a sub-set of the generalized version of the joint paths to tolerate shared-risk resource group failures.
diverse routing problem in networks with shared risk re- We assume in our work that there will be at most one SRRG
source groups. We analyze the complexity of these routingfailure at any given time.

2.1. Graph Transformation Technique for Diverse
SRRG Routing



Figure 2. Network With (a) Shared-Risk Link Groups (SRLG's) and (b) Shared Risk Node Groups
(SRNG's).

2.2. Notations be represented b@ = (V, E), where each vertex € V(G)
and each edge € E(G). Let the weight of each edgebe
The following are some of the notations that we would be denoted byx.. Let the total number of SRLG's in the net-
consistently using in the following sections for describing work be denoted bi(;.. The following are the assumptions
the graph transformation algorithms. under which the proposed tranformation technique yields a
polynomial time solution.

e G = (V, E). Directed graph G, wher¥ is the set of
vertices ancE is the set of edges. e There can be any number of shared-risk link groups

in a network.

e «.: Weight of an edge in the directed graph G. As-
suming bi-directional links, we have,,, = a,,. e Each shared risk link group size is a smaller than the

degree of the node on which the group is incident.

o Kp:
Total number of Shared-Risk Link groups(SRLG's) e An edge can be shared between utmost two shared
in the network. risk link groups.
e R;: Thei?” Shared Risk Link Group.=1- - - K. Each shared-risk link grouR; can be represented as
R; € E(G). Let the shared-risk link groups in the net-
o Ky: Total number of Shared-Risk Node work beR; - - - Rg,. We introducedummy vertices d
groups(SRNG’s) in the network. for each shared-risk link group in the transformed graph
G =(V',E). We derive a new grapts’ from G by fol-
e N;: Thej"" Shared Risk Node Group=1- - - Ky lowing the vertex transformation\’(G") := V(G)u{d; - --

) ) ) dx, }. Hence in the transformed gra@h, the total number
. d7 A dummy vertex representing thé shared risk of vertices|V’| is given by|V’| = |V| + K, as shown in
link group or a shared risk node group. Fig. 3. The shared-risk link groups information is stored in
the following data structure :
R;: {uv.uve R}
) ) R : {uv. uve Ry}
3. SRLG Diverse Routing R;: {uvzuve R;}
In this section we study a graph transformation technique Rk, : {uv. uve Rk, }
to tolerate failure scenarios arising out of shared-risk link  The shared-risk link groups incident on node 1,3 and 6 in
groups (SRLG’s). The initial graph comprising of shared- the initial graph in Fig. 2(a) are storedRBs: {(1,2) (1,3},
risk link groups is shown in Fig. 2(a). Let the original graph Ry : {(3,1) (3,2} andRs : {(6,3) (6,5}. It is to be noted

e N(v): The neighborhood of the vertex



that the edge (1,3) is identical to the edge (3,1), since each
link is assumed to be a bi-directional.

We start scanning all the edges belonging to the shared-
risk link groups. LelR; be comprised of the set of edgRs
= {uvy, Uy - -, Uug }. If none of these edges R; belongs
to any other shared-risk link group, then we modify these
edges in the transformed gra@h, according to the rules’
= G\ e, s.t. e R; and introduce a new set of edgas$;,
{d;v1, d;vo, - - d;vi }. The new edged; in the transformed
graphG’ has a weight of zero and the edgks; - - d;v;

from the dummy node to the vertices - - v;, on the trans- Figure 3. Graph Transformation using Dummy
formed graph gets the original weight of the edge® ¢ Nodes for Diverse SRLG Routing.
R;.

If however any one of the edge, uvs - -, U, € R;,
R;, j # i, i.e. the edge is part of more than one shared-
risk link group, the transformation follows by connecting
the dummy nodes representing the link groups in which this
edge belongs, and connecting the two dummy nodes to the
two end-vertices of the common edge, to show the common-
ality of the shared link between the two groups. Delete this
edgeuv from the shared-risk groug®; andR;. The edges
between the dummy nodekd; in the transformed graph
G’ gets a weight oty,, of the edgeuv € R;, R; and the
edgeud; assumes an edge weight of zero and the efjge
from the dummy node to the end vertex assumes an edge
weight of ay > {max«;), 1 <i < |E|} . Once an edge
is transformed from the grapB to G’, it is not considered
for further transformation. We scan through all the remain- ~ Figure 4. (a) SRLG Disjoint Routes on trans-
ing edges in the graph, and the edges that doesn't belong formed Graph G’, (b)SRLG Disjoint Routes on
to any shared risk link groul;, remains untempered in the the Original Graph G.
transformed grapk®’. The choice of a higher edge weight
ayy is primarily to avoid selection of an edge that is shared
amongst multiple shared risk link groups.

As can be seen in F|g 3, there is a link between dummy in Flg 4 (a) It will be shown that the two paths derived out
nodedd; andd, to represent the original link between nodes Of the shortest-cycle on the transformed gr&phactually
1 and 3. The edge’ connectingd; andd is replaced by ~ gives us two SRLG disjoint routes.

the weighta,,,, of the edgeuv which is common to both Once we obtain the shortest-cycle on the transformed
the shared-risk link groups. It is to be noted that, in such graphG’, we need to map these two routes on the original
instances when a link is common to two shared risk link graph G. The reverse transformation of the routes can be
groups, failure of any link in one group doesn’t propagate done either in the forward direction, i.e. starting from the
to the other group. For example in Fig. 2(a), failure of link  source towards the destination or in the reverse direction,
1— 2 doesn’timply failure of link 2— 3. i.e. initiating from the destination towards the source. Now
In Fig. 3 the dummy noded;, d; andd; are introduced  the paths contained in the cycles can be either in the form of
to represent the three shared-risk link groRpsR, andRs. P:(s—-di—z—y---—d)orP: (s—--dhy—dj —z—y---—d).
In order to find out two shared-risk group disjoint routes In the first case the final path on the original gr&pban be
between any s-d pairs, we apply the edge-disjoint shortest-obtained by the reverse transformation of the edges of the
cycle algorithm [14] on the transformed gragh to find form ud;-d;v to the edgeauv. This is obtained by dropping
the two group-disjoint routes for a given s-d pair. For ex- the dummy nodel; from the pathP. In the second case the
ample the two group-disjoint paths between nodes @ in final path on the grapks is obtained by the reverse trans-
the original graplG = (V, E) can be possibly the two paths formation of the edge; — d; by the edgeuvin the original
corresponding to either of the following cycles in the trans- graphG such thatuve E(G), uv € R; N R; andud;, d;v €
formed graphG’: C;: {1-d;-2-6, 1-4-3ds-6} or Co: {1- E'(G"). The detailed algorithm is not presented here due to
d;-2-6, 1-4-5d5-6} or C3: {1-d;-2-6, 1-5d3-6} as shown space limitations and can be found in [16].




As an example, if we choose the cydlg in Fig. 4(a) transformed graph as described in [14]. The computational
to be the shortest-cycle (assuming equal weights of all links complexity of the shortest-cycle algorithm is given by O
in the original graphG) between nodes-%6, then the two  (|V|? + |E|?). We have two distinct cases, one in which
routes, obtained from the cycle dpe: 1-2-6 andP;: 1-5-6 the SRLG's are such that there is no edge which belongs to
as shown in Fig. 4(b). more than one group and another scenario where an edge

Lemma: If there exists an edge-disjoint shortest cycle ¢an possibly belong to two shared risk groups. In the first
in the transformed grapB’, then using the above transfor- case, when each edge belongs to only one SRLG, the addi-
mation, the path®; andP, comprising the cycle can be tional number of edges introduced in the transformed graph

always mapped to two SRLG disjoint routes in the original G is Kr. Hence the complexity of finding two SRLG dis-
graphG. joint paths would be O(V + K.)? +(E + K1)?) =~ O

If there exists an edge-disjoint cycle in the transformed (£ + K1)?), assuming that the number of edges in a mesh
graphG’ then the degree of each vertexs greater than ~ Network is much larger than the number of vertices.

the size of the group incident at that vertex.Pif and P, However if an edge belongs to two SRLG groups, €.g.as
comprises the two paths of the edge-disjoint shortest cycleShown in Fig. 2(a), then tf“? number of additional edges
in the transformed grap®’, then each dummy vertelcan N this transformed grape’ is equal toK,. The over-
appear utmost once in either of the pahsor P. all complexity of finding two SRLG disjoint routes in this
Thus the path®; andP, is either in the form oP; (s—--  transformed graph is Q¢ + K)* + (E + K.)?) = O
—z—d;—a'—y---—d) orP": (s—-—u—d; —d; —v—w---—d). ((E + K1)?%), assuming that number of edges in the graph
In case 1, there is an exact mapping of the edgesl; — v supersede the total number of vertices.
in the transformed grapB’ to the edgeuv in the original Once the edge-disjoint shortest cycle is computed on

graphG. In case 2, the edgk —d, in the transformed graph the transformed graph,_ t.he paths comprising the cycle, is
exactly maps to the edgey, such thative E(G), uve R; N mapped back on the original graﬁh.Thls requires a com-
R, andud;, d,;v € E'(G’). Moreover since both paths do not putational overhead of O (E Kp) since a path can have

include overlapping;'s, the mapped routes on the original @ maximum of £ + K1) edges in a transformed grah.
graph are always SRLG disjoint. Combining the three above complexities, the overall com-

plexity of the diverse SRLG routing is given by the domi-
nant term, which is the complexity involved in finding the
edge-disjoint shortest cycle on the transformed graph. Thus

the overall complexity is given b K1)?).
This section evaluates the overall complexity of the pexiyis g y Qe+ kL))

SRLG disjoint routing algorithm using the graph transfor- . .
mation technique as described in the previous section. The5' SRN(_; (Shared Risk Node Group) Diverse
computational complexity can be broken up into three parts, ~ Routing
one the complexity involved in the transformation of the
graph, second the complexity of finding out edge-disjoint  In this section we develop a graph transformation tech-
shortest cycles in the transformed graph and finally the com-nique for finding out two routes in scenarios where more
plexity of mapping the paths obtained on the transformed than one node shares a common risk of failure. We identify
graph to the paths on the original graph. such scenarios where more than one node shares a common

The total number of shared-risk link groups in the net- risk of failure as shared risk node groups (SRNG’s). For
work is given byK; and each group can possibly have a simplicity we assume that the size of each SRNG is limited
maximumof E edges. Another additional constraint limits to two adjacent nodes sharing an edge between them.
the existence of any edge in not more than two groups. Thus Let the original graph be represented®y= (V, E). Let
as can be seen from the algorithm presented for graph transthe total number of SRNG's in the network be denoted by
formation, the complexity involved in determining whether K. Each shared node risk grodf can be represented as
an edge belongs to more than one shared-risk link groupN; C V(G). The two verticesu,v of each node risk group
involves an exhaustive search, which is computationally of N; in the original graphG is contracted to a singldummy
the order of O (EK). Depending on the outcome of this vertex d in the transformed grap8’ = (V', E) .
decision, the edges are transformed following the algorithm  In a weighted grapks, we define a grap’ by contrac-
presented above. The detailed algorithm is presented intion of nodes and edges as follows: replace verticgs by
[16]. Thus the overall complexity of the graph transforma- a single dummy verted; and delete all edges incidentto
tionis O (EKy). & vand introduce new edges framto N(u) U N(v), where

The transformation of the graph fro@® — G’ addsKp, N(u), N(v) stands for the neighborhood of the vertice&
number of nodes. Two paths that are shared-risk group dis-v. The weights of the unchanged edges remain the same in
joint are computed using the shortest-cycle algorithm on thethe transformed grap®’. The modified edges during the

4. Complexity Analysis of SRLG Routing



the transformed grapB8’: C}: {1-2-6, 1-5- or C,: {1-
2-6, 14d,-6} or C}: {1-2-6, 14d,-5-6} andC}: {1-2-d;-6,
1-5-6} as shown in Fig. 5(b).

/" Possible Cycles
o HIE
C2:pi-h

° ° ' ] C3:p,-R
—

Figure 5. (a) Transformed Graph Indicating

Shared Node Risk Groups,(b) SRNG Disjoint

Routes on the transformed Graph G'. Figure 6. Shared Node Risk Group Disjoint
Routes on the Original Graph G.

transformation assumes weights as shown by the following After the node-disjoint shortest cycle is found on the

function: transformed graph, the paths corresponding to the cycle is
mapped back to obtain the two node-group disjoint routes
Qua if € N(u)\ N(v) on the original grapl. The fact that the routes I8’ are
Qdye = { Quz if @ € N(v)\ N(u) (1) node-disjoint automatically guarantees node group disjoint
Quz + oy Otherwise routes in the original grap®.
Let edge-seE, be defined as the set of edges from all If there exists a node-disjoint cycle in the transformed

such vertices, which has edges to only one of the nodes o"@PhG’ then each dummy verte appears utmost once
the node-risk group, and critical edg@s, the set of edges N €ither of the path®, or P,. Thus the pathB; andP, are
between the verticasv of all the node-risk groups. All the ~ €ither in the formP: (s —- - —u —d; —v —--- —d) orP":
edges of the edge-sEt gets deleted i.eG’ = G\ e, where (= —u—di—dj—v—--—d).
e € E, and are replaced by new edges betwremd the
dummy node d During this transformation the edge;
assumes the weight of the original edgeor vx as shown
in Equation 1.

In case of verticex wherex € N(u), N(v) the edgesix,
vx transforms to a single edgelxof weight (ux + avx)
as shown in Equation.1. Let the shared-node risk groups be
Ni,N2 - - Ng,. Letd;,ds - - dg, be the dummy vertices
representing these SRNG’s. The overall graph transforma-
tion can thus be represented\&#¢G’)=V(G) Uiﬂ {v;} +
{d1,ds - - dg }, wherev; € N;. The edge transformations
are defined above and in Equation 1.

As shown in Fig. 5(a), the links between nodes 2,
1-3, 1—4, 63 and 5-4 are replaced by modified edges
with adjusted edge weights according to Equation 1. Find-
ing out two routes for a given s-d pair in the original graph
G, that are node group disjoint is equivalent to finding the
node-disjoint shortest-cycle [14] in the transformed graph
G’ as shown in Fig. 5(b). Infact finding out a node disjoint
shortest cycle on the transformed graph ensures that the two
paths comprising the cycle, can guarantee fault-tolerance
against failure of any single node on the path and also from
node groups present in the topology. For example the two
node disjoint paths between nodes-16 can be possibly Case 1 In the reverse mapping of the pafrom G’ —
the two paths comprising either of the following cycles in G, we need to transform the edgesl;-v to obtain the cor-

Figure 7. Example showing links between two
dummy nodes and the reverse transforma-
tion.



responding edges in the original graphlt can be obtained
by the matching of vertices belonging to the neighborhoods
of both the vertices of the shared node risk group.

We scan the neighborhood’s of both the vertice& v
and select vertew such thatw € N(u), N(v) & w € N;. If
there are more than one choice of such a vertex, the one that
minimizesu,,,, + a.,., is selected. The mapped edges in the
final path hence becomesa-v. If no such vertexv exists,
then select vertices & w’ such thatv € N(u), N; andw’ €
N(v), N;. The mapped edges in the final path hence becomes
u-w-w’-v, where the edgew’ connects the two nodes of the

shared node risk groug,. _ Figure 8. (a) Situations where a node belongs
Case 2 In the reverse mapping of the paih from G’ to more than one SRNG, (b)Graph Transfor-
— G, the same technique describeddase 1can be used mation in case of nodes belonging to more

to map the pathu-d;-d;-v in the original graph. The edge than one SRNG.
d;-d; appears inG’ if there are two overlapping SRNG'’s
(described in more detail in a later section), or if the [ith
contains vertices belonging to two groups joined by a bridge
edgee as shown in Fig. 7. Assuming non-overlapping
SRNG's, lete’, €” denote the critical edges connecting the
vertices in the node-groups; andN; respectively. The
reverse mapping of the pathd;-d;-v hence leads to a se-
lection of verticesw, w' such thatw € N(u), N, andw’ €
N(v), N;, and corresponding edges which satisfy that one of
Quy F Qe F Quyry OF Qo + Qer + Qe + Quyry OF Qi + e +

Qerr + iy OF Quu + Qer + Qe + Qe + gy IS Minimized
depending on the choice of vertices.

For example if the cycl€;, is chosen, then the paths on
the original graph would be 1-2-6 and 1-4-5-6 (and not 1-3-
6 because, there is no link between-8). However if the
cycle C, is chosen, then the two routes are 1-2-3-6 and 1-
5-6. This is shown in Fig. 6(b). The detailed algorithm for auzr  if £ € NU)\NV)& v & N; NN;
finding out two node group disjoint routes are presented in Xdiz = { vy if © € N(V)\NU) & v € N; N N; @
[16].

collapsing nodes and contracting edges as follows: replace
verticesu & v by a single dummy vertes; and delete all
edges incident ta & v and introduce new edges froan to

N(u) U N(v), whereN(u), N(v) stands for the neighborhood

of the verticesu & v. Letv be the vertex that is part of more
than one SRNG, i.e=N; N N;, i # j. In the transformed
graphG’ we have an edge connecting the two dummy nodes
d; andd; to represent this overlapping SRNG, as shown
in Fig. 8(b). The weights of the unchanged edges remain
the same in the transformed gra@h The modified edges
during the transformation assumes the weights as shown by
the function below

Lemma: In a graph with non-overlapping SRNG’s, if Que if ueNiON,

there exists a node-disjoint shortest cycle in the transformed Odyas Oz = { ane if vENON, ®)

graphG’, then using the above reverse mapping, the paths

P1 andP, composing the cycle always maps to two SRNG anda,,q, = 0.

disjoint routes in the original grap®. Let edge-seE, be defined as the set of edges from all
Since eactdummy nodeepresenting a shared risk node such vertices, which has edges to only one of the nodes

group can appear utmost once in any one of the two routesof the node-risk group, and critical edg€s, be the set of

P, or P, and since these routes are node-disjoint, and theedges between the vertices of all the node-risk groups.

graph doesn't have any overlapping SRNG’s, transforma-  All the edges of the edge-s€t gets deleted i.eG’ = G\

tion of these routes on the original graghautomatically e, where e E, and are replaced by new edges betweren

guarantees that they are SRNG disjoint. and thedummy node d During this transformation the edge
The SRNG’s can give rise to another scenario, where axd; assumes a weight according to the function as shown in
vertexv is part of more than one SRNG, i.e.c N; N N;, Equation 2 & 3.
I #]. This scenario is demonstrated in Fig. 8(a). In this  During the graph transformation, all edges. u ¢ N;, v
figure, node 6 is part of both SRNG¢ andNs. € N, N N;, i # j} are transformed to the edga$; andud;,
The two verticeu,v of each node risk group; in the thus giving us the choice of selection of dummy vertices in
original graphG is collapsed to a singldummy node din the transformed graphS’ as shown by the dotted lines in
the transformed grapB’ = (V’, E) . Fig. 8(b). The weight of these transformed edges are given

In a weighted graplG, we define a new grapts’ by in Equation 2 & 3. For example, in Fig. 8(b) the vertices



4,7,8 and 9 are connected to both the dummy vertites computational complexity can be broken up into three parts,
andd,. one the complexity involved in the transformation of the
Let the shared-node risk groups Ng,N, - - Nk, . Let graph, second the complexity of finding out node-disjoint
d;,de - - di, be the dummy vertices representing these cycles in the transformed graph and finally the complexity
SRNG'’s. The overall graph transformation can thus be rep-of mapping the paths obtained on the transformed graph to

resented a8/'(G)=V(Gy UL {v;} + {di,dy - - dip paths on the original graph.
wherev; € N;. The edge transformations are defined above  The total number of shared risk node groups in the net-
in Equations 2-3. work is given byKy and each group can possibly have a
Finding out two node group disjoint routes on the orig- maximunmof two nodes. Another additional constraint lim-
inal graphG is equivalent to finding out the node-disjoint its the sharing of any node by not more than two groups.
shortest cycle on the transformed gragbisas described Thus as can be seen from the algorithm presented for
in the last section, and collapsing the paths of the shortestgraph transformation, the complexity involved in determin-
cycle, on the original grap® as demonstrated in Fig. 6(b). ing whether an edge has an end-vertex which belongs to
After all the node-disjoint shortest cycles are computed one or more than one shared node risk group and transform-
for all the transformed grap®’, the paths comprising the ing it involves an exhaustive search, which is computation-
cycles can be either in the forf (s—-—u—d; —v—y---—d) ally of the order of O (/|- Ky) ~ O (|V|-Ky) in case of

orP:(s—--—u—d; —d; —v---—d), and the reverse  non-overlapping shared node risk groups and @' [X v
mapping of the paths are done using the following rules:  + 4Kk%) ~ O (|[V|-Ky + K%,) in case of overlapping shared
Case 1 In the reverse mapping of the p&Hrom G’ — node risk groups. Depending on the outcome of this deci-

G, we need to transform the edgesl;-v to obtain the cor-  sion, the edges are transformed following the algorithm ex-
responding edges in the original gra@hlt can be obtained  plained above. The detailed algorithm is presented in [16].
by the matching of vertices belonging to the neighborhoods Thus the overall complexity of the graph transformation is

of both the vertices of the shared node risk group. O ([V|-Ky) or O (V|-Ky + K%,) depending on the structure
We scan the neighborhood’s of both the vertice& v of all the shared node risk groups in the network.
and select vertew such thaw € N(u), N(v) & w € N; or The transformation of the original gragh into the fi-

N;. If there are more than one choice of such a vertex, the 4 graphG’ reducesKy number of nodes in the original
one thgtminim'izeSauw + au, IS selected. The mapped graph. Two paths that are shared-risk group disjoint are
edges in the final path hence beconues-v. If no such  computed using the node-disjoint shortest-cycle algorithm
vertexw exists, then select verticeg & w’ such thatw € on the transformed graph as described in [14]. The compu-
N(u), N; or N; andw” € N(v), N; or N;. The mapped edges  tational complexity of the shortest-cycle algorithm is given
in the final path hence becomasv-w’-v, where the edge  ,y o (V]2 + |E%). We have two distinct cases, one in
ww’ connects the two nodes of one of the shared node riskyynich the SRNG'’s are such that there is no node which be-
groupsN; or N;. _ longs to more than one group and another scenario where a
Case 2 In the reverse mapping of the pzh from G’ node can possibly belong to two node risk groups. Let us
— G, the same technique described above can be used t@onsider the first case, where each node belongs to utmost
transform the edges-d;-d;-v to obtain the corresponding gne SRNG group as shown in Fig. 2(b). During the graph

edges in the original grapB. It is obtained by matching of  {ransformation there is a reduction 6§, number of nodes
sets of vertices belonging to the neighborhoods of both the for 4 maximal size of each node group to be 2).

vertices of the shared node risk group. We scan the neigh-
borhood’s of both the verticas & v and select a vertew
such thatv € N(u), N(v) & w € N; N N;. The mapped edges
in the final path hence becomesw-v. If no such vertexw
exists, then select vertices& w’ such thatv € N(u), w €

N; N Nj, w e N(v), w € N; " N;. ORw e N(u), w¢ N; N
N;, w" € N(v), N; N N;. The mapped edges in the final path
hence becomesw-w’-v, where the edge/w’ connects the
two nodes of one of the shared node risk grodpsr N;.

Following the graph transformation all the edges be-
tween the nodes of each node group gets deleted, hence
leading to a deletion of totdd 5, number of edges. Let us
denote the set of vertices which has an edge to both the
nodes of any SRNG group as the vertex\égetLet the car-
dinality of this set be denoted ky;|. Transition fromG —
G’ leads to a further deletion ¢¥| - 1 number of edges.
Moreover let dual-edge set be definedBis, = {uv: u €
N;,veN;,u, V¢ Vg, i#j}. Hence during the graph trans-
) . . formation,| DE,| - 1 number of edges gets deleted, where
6. Complexity Analysis of SRNG Routing |DE,| is the cardinality of the seDE,. The minimal re-
duction of edges during the graph transformation frém
This section evaluates the overall complexity of the — G’ is Ky + |V;| + |DE,| - 2. Hence the complexity
SRNG disjoint routing algorithm using the graph transfor- of finding two SRNG disjoint paths is Q¥ — Ky)? +
mation technique as described in the previous section. The(E — Kx — |DE,| — |V4])?).



Now let us consider the case, where we have a node beinvolved in this procedure is G — Ky — |DE,|—|Vi|)?).
longing to more than one SRNG's. Following the graph | cases where nodes belong to two shared node risk
transformation all the edges between the nodes of each nodgroup, and paths are of the fornfat (s — - - —u — d; —
group gets deleted, hence leading to a deletion of total ¢ — ... —@)orP: (s — - - —u — d; — d; —v- - —d),

number of edges. Let us consider overlapping-vertex setye scan through each edge in the path and at each visited
OV; as the set of vertices which has an edge to the nodessertex, we scan through its entire neighborhood and select
that belongs to more than one SRNG i.e.c N;, N;, i the appropriate vertices. Hence the complexity involved in
# ]. Let the cardinality of this set be denoted W9V;|. this procedure is O(E — K + |0V, |)?), since the maxi-
Graph transformation frons — G’ leads to addition of mum hop |ength of a path can be restricte&foedges and
|OV,| edges since we have two possible choices of graphs ast the vertices andv we need to scan through all the neigh-
explained in Section V. Moreover the graph transformation pors and compare the path lengths in all cases, which can be

leads to addition of one more edge between the two dummydone in constant time units. Hence the complexity involved
nodes as shown in Fig. 9. Hence the total number of edgesp, this procedure is O(E — Ky + |OV;])2).

in the transformed graph is given by Ky + |OV;| + 1.
The total number of nodes or vertices in the transformed
graph is given byV| - |n| where|n| is the number of ver-
tices that are part of more than one SRNG. A search for
SRNG disjoint routes, would necessitate searching node-
disjoint shortest cycles on the transformed graph and choos

Combining the three above complexities, the overall
complexity of the diverse SRNG routing is given by the
dominant term, which is the complexity involved in find-
ing the node-disjoint shortest cycle on the transformed
graph. Thus depending on whether we have nodes belong-
ing to multiple groups or not, the complexity is given by O

ing the minimum weighted cycle amongst all of them. a2+ (E—K 2 OV — K~ )2
Hence the overall complexity of finding two SRNG disjoint (VDAY =Inl)” + ( NHOVs)"D or O (V- Kiy)
paths is given by O{(V — |n|)? + (E — Ky + |OV4|)?})
~O({(V —|n|)* +(E - Ky + |OVi])*}).

+(E — Ky — |DE,| — |Vi])?) respectively.
7. Conclusion

In this paper we propose graph transformation tech-
niques for solving the diverse routing problem in networks
with shared risk resource groups. We proposed a methodol-
ogy for tolerating dependent or shared risk link failures and
coordinated node failures in a network, by creating differ-
ent graph transformations, routing on the transformed graph
and transforming the routes on the modified graph to the
original graph. One of the elegant features of the proposed
strategy is that it can identify whether 100% guarantee can

Once the node-disjoint shortest cycles are computed onbe provided for any single SRLG or SRNG failure in a net-

the transformed graph, the paths comprising the cycle, arework'

mapped back on the original grah This computational The proposed graph transformation heuristic only needs
overhead for the reverse transformation of routes are dif-addition of a small number of edges and vertices to the orig-
ferent in cases where nodes belong to only one sharednal graph, and computation of link-disjoint or node-disjoint
node risk group and where nodes can belong to more tharshortest cycles in the transformed graph. It provides a poly-
one shared node risk group. In cases where nodes penomial time solution for shared resource groups with cer-
long to only one shared node risk group, and paths are oftain restrictions, as has been conjectured by previous re-
the formatP: (s — - - —u —d; —v —y - - - —d) or P": searchers.

(s—:+—u—dy—d; —v--.—d), we scan through each We also validate the correctness of our approach, and
edge in the path and at the vertiae& v, we scan through  how the graph transformation technique always guarantees
its entire neighborhood and select the appropriate verticesto yield shared risk group disjoint routes, if such a route
as described in Section V. Hence the complexity involved exists in the graph. This approach for diverse routing un-
in this procedure i$E — Ky — |DE,| — |Vi|)?, since the  der multiple failure scenarios is extremely elegant and can
maximum hop length of a path can be restricte&tedges be applied to large networks with huge traffic demands. As
and at the verticea andv we need to scan through all the part of our future work, we plan to extend this graph trans-
neighbors and compare the path lengths in all cases, whicHormation technique for accommodating groups of link fail-
can be done in constant time units. Hence the complexity ures that are not incident on a common node.

Figure 9. Transformation of edges and ver-
tices for SRNG’s.
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