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Abstract—In a recent paper, Kim and Lumetta [6] proposed a Thus, the resources on the optical fiber links can be shared
capacity efficient protection scheme that provides fast remery among multiple backup paths as long as their primary paths
in WDM mesh networks. They introduced the notion of astream are disjoint. Moreover, the reserved capacity can be atliz

that is utilized for this purpose. In this paper, we introduce ¢ | iority traffic that b ted i f
the concept of gStream, which is a more generalized form of 0 carry low priority traflic that can b€ preempted in case o

stream and develop efficient algorithms for maximizing capaity ~ failure on a primary path. IDedicated Path Protectio(DPP)
utilization without sacrificing the benefit of fast recovery We schemes, the backup paths do not share network resources. In
show that the problem of finding the set of gStreams that Shared Path Protectio(SPP) schemes, two backup paths are
maximizes capacity utilization is NP-complete. We presenti) an g i5wed to share network resources when the corresponding
optimal solution for formation of streams and gStreams and () - L .
a heuristic solution. The results of our experimental evalation primary paths are e_dge disjoint. The ph_otonlf: cross-casnec
show that our heuristic provides near optimal solution to amost (PXCs) are not configured ahead of a failure in SPP schemes,
all instances of the problem in a fraction of the time neededdr as they are in DPP schemes. As a result, the SPP scheme
finding the optimal solution. is slower in comparison with the DPP scheme. However, in
terms of capacity utilization, the SPP scheme is considigrab

more efficient than the DPP scheme as it allows for sharing

Survivability of all-optical networks has become an imof resources on the backup paths.
portant area of research in recent years as evidenced bf-learly, there is a trade-off between time-to-recover and
the increased attention the topic has received among #@Pacity utilization when we compare the SPP scheme with
researchers [3], [9], [10]. Two techniquasiotectionat the the DPP scheme. Recently in [6], the authors proposed a
WDM layer andrestorationat the IP layer have emerged toscheme where they introduced a notionsteam which is
be the leading contenders for fault management in opticaicollection ofoverlappingbackup paths. The stream scheme
networks [4], [7]-[9]. Each of these two schemes has if&n be conceptualized as a member efrtually sharedDPP
own advantages and disadvantages. In general, restoiatioRcheme. In this scheme, all the PXCs are preconfigured (just
slow but capacity efficient, whereas protection is fast blike DPP schemes) and in case of a failure, the traffic is sent
less efficient in terms of network capacity utilization. $hithrough the backup path that forms a part of a stream. This
is due to the fact that the protection schemes computeSgheme results in fast recovery as the PXCs are not required
backup pathand reserve network capacity (wavelength) of® spend any time for decision making at the time of a failure.
the backup path whenever a primary path between a sour&8e speed of recovery in this scheme is much faster than that
destination node pair is established. The protection seheff SPP schemes as no signalling or configuration of PXCs in
can be further divided into two groupspath protectionand the intermediate nodes lying on the backup path is needed aft
link protection The path protection scheme can be further suB-failure [6]. The resource utilization in this scheme is muc
divided into i) (1+1) scheme and ii) (1:1) scheme. In (1+1§etter than that of DPP schemes as it allows some sharing of
scheme, the traffic is sent from the source to the destinatiggources on the backup paths between multiple connections
through the primary and the backup paththe time As such, Thus, the scheme retains some of the advantages of both the
this scheme provides fast recovery with minimal loss of dalPP and the SPP. In the current taxonomy of schemes for
due to the failure of a primary path. In the (1:1) schem&urvivability in optical networks, one can be view a strean a
network capacity is reserved on the backup path but is nat uge scheme that lies somewhere between the SPP and the DPP.

to transfer data, unless there is a failure on the primarf.pat In addition to introducing the concept of stream, Kim
and Lumetta in [6] proposed algorithms for the formation

Supported in part by ARO grant Y 1NF-06-1-0354 of streams. Through extensive simulations they demostrat
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the efficacy of their methods. In this paper, we propose &no need to wait until the occurrence of a failure. Irrespec
expanded definition of streams callgtreams The new of the failure of the primary path frorh to 3 or 5 to 8, the
definition subsumes the definition of stream given in [6]. TheXC at4 has to forward the traffic to node The key idea of

contributions of this paper are as follows. the streams scheme is to form the backup paths in such a way
- We introduce a novel concept of a gStream that generalizbatdivergenceof the paths are not necessary. The absence of
the notion of a stream for better resource utilization. divergence of overlapping backup paths eliminates the need

- We show that the problem of finding the optimal numbep wait until the occurrence of a failure on the primary path
of gStreams (or streams) that maximizes capacity utibzati to configure a PXC thereby ensuring faster recovery. In this
is NP-complete even when the primary and backup paths awvay, the use of the concept of stream can provide performance

fixed in the network. comparable to that of a DPP scheme. In the example of figure
- We give a mathematical programming formulation for finding pathl — 5 — 4 — 3 — 8 is a streamformed by the
the optimal streams and gStreams. overlapping backup patht — 5 — 4 — 3 and5 — 4 —

- We provide a heuristic solution that computes near optimal— 8. In order to get DPP performance for fast recovery,
streams and gStreams to most of the problem instances. with the backup path4 — 5 — 4 — 3 and5 — 4 — 8
- Through extensive simulation, we demonstrate the beraffits(without stream formation), five units of network resources
this new concept and the efficacy of our heuristics in findingvavelengths) have to be reservag:on the links(1, 5), (5,4)
near optimal solutions. and (4, 3) and A\, on the links(5,4) and (4, 8). However, if a
Since the algorithm proposed by Kim and Lumetta is fastream,l — 5 — 4 — 3 — 8 is formed, it will require only
a dynamic scenario where the streams are being formedfeigr units of resources\; on the links(1,5), (5,4), (4,3)
and when the call requests arrive and our heuristic is foraad (3,8). Thus, the formation of streams can provide fast
static scenario, the results produced by these two methedsgcovery (comparable to DPP) with better capacity utiicat
not directly comparable. However, our results can be used\&e Wwill refer to the difference between the resource usage in
an upper bound on the capacity savings that can achieved dgon-stream solutiorb (units to the stream solutior (nits)
the generated set of backup paths. In some sense, Kim @sdhegain. The objective will be to form the streams in such
Lumetta provide amnlinealgorithm for the problem, whereasa way that willmaximizethe gain.

ours is anoffline algorithm. .
A. Current approach to stream formation

Il. STREAM PROTECTION SCHEME The stream formation algorithm given in [6] assumes a

Although a streamwas notformally defined in [6], the dynamic scenario where call requests arrive at random time
authors implied it to be a directed path from nagde to v;,  intervals. A set of shortest pathB(s, d) between each source-
(i, = Viy — Uiy — ... — Vi, _, — U;,_, — v;) formed destination node pair is precomputed. In addition, cooadp
by overlapping backup paths that connect multiple sourc@d to everyp; € P(s, d), a set of backup path(p;, ) is also
destination node pairs. For example, the stream fegnto v;, ~ Precomputed. The parameteis used to restrict the length of
may be formed by the concatenation of the overlapping backBgtential backup paths to at mdstiops more than the length
paths (i)v;, — v, — vi, — ... — v, _,, (i) vy, — v;, — Of the shortest paths. As soon as a request for connection fro
vy, — ... — vy, and (i) v;; — v, — v;, — ... — v;,. @ source node to a destination nodé arrives, the traffic

The notion of backup paths sharing network resources is ibgnager chooses one primary and one backup path from the

new and is the key feature of the SPP schemes. set of precomputed primary and backup paths frorto d.

The primary and backup path-pair is chosen in such a way
However, arbitrary sharing of 1 2 3 that the backup path is “compatible” with the existing sinsa
backup paths may lead to a sit- and hence, will impose least increase in “cost” for the new
uation, in which preconfiguration / 24 5 connection request. A detailed description of the algarith

of the PXCs on the backup paths
may not be possible. Consider the > 6.7 8 o
network shown in Figure 1. Fig. 1. Stream formation ~ B- Limitations of the current approach

The advantage of the stream formation scheme as given

Let the primary paths connecting the nodés3) and(5,8) in [6] is its simplicity. It takes a simplgreedyapproach to

bel -2 —3and5 — 6 — 7 — 8 respectively. Let the the formation of the streams with the backup paths. However,
respective backup paths he— 5 — 4 — 3 and5 — 4 — the disadvantage of such a simple scheme is that the solution
8. Suppose the two backup paths use the same wavelengtioduced by this approach may be far from optimal. In
then the PXC at nodé cannot be preconfigured before theéhe following, we provide two examples where the simple
occurrence of a fault on the primary paths, since nbdannot approach fails to realize the full benefit of stream fornmatio
decide ahead of a fault whether to forward the traffic comir@ase 1 Suppose that at an instance of timehere are only
on the backup lightpath to nodzor 8. However, instead of two non-overlapping streams in existenfg v; — v;41 —
usingb — 4 — 8 as the backup path fromto8,if 5 -4 —3 ... - v; = vj11 — ... = v andSy: vg — Vg1 — Ugy2 —
— 8 is used, the PXC at nodecan be preconfigured as there.. — v, — vp41 ... — v.. If at this time a new backup path

can be found in [6].



TABLE |
AN EXAMPLE DEMONSTRATING THE BENEFITS OF GTREAMS OVER STREAMS

Backup Paths Streams gStreams

Bi:ivi — v — v3 — g

Bs: vo — v3 — v4 —
U5 — Ve — U7 — U8

B3 v7 — vg8 — Vg

By vig — v5 — vs

Bs: vi1 — vio

B vi2 — v13 — V14

Br7: viz — via — v1s

Bs: vig — v14 — V15

S

(Primary pathsPl, P, ..., P S1 (B1+B2+Bg): V1 — V2 — V3 — Vg4 — gSl = B1+Bs+B3+By+Bs5, Gain = 4
are all mutually disjoint) vs — Vg — U7 — Vg — Vg, Gain = 3 gS2 = Be+Br+Bg, Gain = 2
Sa (B4+B5): V11 — V1o — U5 — ve, Gain =0
Ss3 (Bg+B7)I V12 — V13 — V14 — V15, Gain =1
S4 (Bg): V16 — V14 — V15, Gain =0
Total Gain =4 Total Gain =6

Vj — Vjgl — ... — U — Uppl — ... — Vg — Ugy1 — twoO overlapping backup pathB; and B, need not always

. — vy is selected, the algorithm proposed in [6] combingsrm a path. Divergence can still be avoided if for example,
this backup path either with the streafn or with Ss. It may Bj: vy — vy — w3 and Bs: vy — ve — ws. Although
be noted however that as the new backup path shares litthe combination ofB; and B, does not form a path, it still
with both S; and S,, the two streams can be combined intoetains the important property that all nodes in this coradlin
a single streands: v; — v;y1 — ... — v; — vj41 — ... — Structure can be preconfigured. We refer to such a structure a
Vk — Ukgl — ... — Vg — Vgy1 — ... — U, — Upp1 — generalized streams(gStreams). We give a formal definifon

. — v, with the help of the newly arrived backup patha gStream next.

thereby increasing capacity utilization. _ _ « Outdegreed Graph (OD1G): A directed graph is called
Case 2 Suppose that at an instance of titp¢here is only one an Outdegred-Graph if the outdegree of each node is at
stream in existenc8;: v; — vo — v3 — vy — v; formed by most one.

only one backup pati#;. At this time, a second backup path  gStream: A connected ODG is called a generalized
Bs: v3 — v4 — v5 — vg IS selected. The stream formation stream.

technique proposed in [6] combines the newly arrived backuptne example in Table | shows the streams and gStreams
path with the streans to form a new strean$;: v1 — v2 —  formation with 8 backup paths. In the example, suppose that
v3 — v4 — v5 — vg. Suppose a third backup paBy: v2 —  the primary paths are all mutually disjoint and there are at
vs — vy — vs — v7 is selected at this timeB; cannot be |east2 wavelengths that can be used on all the backup paths.
combined with the strearfi; as this will lead to divergence atThe directed path definition of streams results in the foionat
nodevs. The net gain of combining, with B, will be 2 units ot 4 streams (second column) resulting in a total gairdof
as.S1 and B, have overlapping path segment— vs — vs.  ynits. However, the ODG definition of gStreams results in
However, if S, had not been combined with,, but combined 5 gstreams (third column) with a net total gain ®funits.

with Bj to form the streanbs: v — vy — v3 —v4a — U5 =  Since a ODG has outdegree at most one, there never is any
v7, the gain would have beeh units sinceS; and By have djvergence. Therefore, we can combine backup paths to form
overlapping path segment — v — v4 — v5. gStream as long as the combined backup paths form 80D

It may be noted that a directed path, directed cycle, Reverse
Branching and Reverse-Arborescence [5] are examples of

As noted earlier, althougbtreamwas notformally defined Outdegreet Graphs. Thus, the definition of stream as a path
in [6], the authors implied it to be a directed path formed bygeaq in [6] is a special case of gStream.

the concatenation of overlapping backup paths. Two backup

paths B; and B, can form a stream as long as there is no I1l. PROBLEM FORMULATION

divergence between these two paths. For example, backupn the most general form of the problem, we have a
paths By: v1 — wvo — w3 and Bs: v — v3 — w4 can collection of source-destination node pa(es, d;),1 <i <k

form a streamS;: v7 — v2 — wvs — wv4. However, paths and corresponding to each;, d;), we would like to establish
By vy — v9 — wg and By: vy — v9 — wy cannot be a primary pathP; and a backup pati; (node disjoint from
concatenated to form a stream as it leads to diverge atmode P;) such that the network resources used for the establishment
We make a key observation regarding the formation of streano$ these paths is minimized. The channels on optical fiber
We note that in order to avoid divergence, combination dihks are the network resources that we plan to optimize. If

C. Definition of gStream



a primary pathP; is established over three optical fiber linkQuestion Is there a partition oV intoV = {V4,Va,..., Vi }
using wavelength\, we say that the path used three units afith g(V) > R such that

network resources. Under SPP scheme, two backup gaths 1) there is at least one wavelength that can be assigned to
and B; can share a channel over a link if the corresponding * g|| vertices belonging to the same componght That
primary paths are disjoint. We assume that no wavelength s v; 1 <7<k N v, Ai #0, and

. . . ’ ’ = —= 1 v 1
converters are available and as such, wavelength continuit 2y two backup paths whose concatenation results in diver-

In lth|ts_ papfer, we do ngt badcli(ress t?ﬁ 'S;ui? related 53 th?t may be noted that in the partition that has the maximum
selection of primary and backup pams. Rather, we a reﬁs%n' a component; € V does not contair-oo gain edges.

T e o o, etESch componet represets  connected 501 e backup
' 9 ﬁths in the original network and thus, a gStream.

that based on some considerations, the primary and the pacE
paths between the source-destination node pairs havedplregyy compUTATIONAL COMPLEXITY OF GPGM PROBLEM
been selected and our job is to form the streams in a way ) ] ) )
that maximizes resource utilization. We prove that evennwhe Consider the restricted version of the GPGM problem, in
the set of wavelengthd; that can be used to establish gvhich all wavelengths in the network are available for use at

backup pathB; is equal toA, the set of wavelengths availableEVery backup path. Thatisy; € Vi, A;=A. This assumption
on a fiber link, the stream formation for maximum resourcgiminates the wavelength constraints in the GPGM problem.

utilization problem is NP-complete. We prove that this simplified version of the GPGM problem
termed as RGPGM problem itself is NP-complete.

A. Definitions A. Restricted Graph Partitioning for Gain Maximization

« Compatible backup paths: Two backup pathsB; and (RGPGM) Problem

Bj ﬁrg sai.d to be:o?patibleédenoted bz;Bi d(_:),f.gj) 'f Instance Given a Path Intersection Grapti(Vy, En, Gy )
(i) their primary pathsF; and F; are node disjoint (ii) with Vg, Eyg and Gy as defined before, positive integBr

there is no divergence in the structure created by th%ﬂuestionls there a partition 0¥y into V = {V1, Va, ..., Vi }
concatenation and (iii3;, B; can be realized using theg thatg(V) > R ? e

same wavelength (wavelength continuity). It may be

SN . To prove the NP-completeness of the RGPGM problem,
noted that compatibility is not transitive.

. . . t f Exact C by 3-Sets (X3C) [2] into RGPGM
o Gain of a pair of backup paths: If two compatible we rranstorm Exact Lover by ets ( ) [2] into

; problem.
backup pat_hsBl ano_IBj are_complned_ to form a stream, heorem 1: RGPGM problem is NP-complete.
then thegain associated with this pair of paths denote i o .
R Proof: Clearly, RGPGM problem is in NP since a nonde-
by ¢(i, j) is equal to the number of common arcs between . .~ - : .
. ) . . erministic algorithm need only guess a partitivnof vertex
them. The gain of a pair of compatible paths is a non- e 2
. o setVy and verify in polynomial time whethey(V) > R.

negative number. 1; < B;, theng(i, j) = —oo. Suppose a finite seK with |X| = 3¢ and a collection

« Path Intersection Graph (PIG): The path intersection bp a4

; C ={ecy,...,c} of 3-element subsets of make up the in-
g;iiﬁfg;%g%’ Gg L) ]; o}rreigpggdglgg;owaeisﬁ:egf stance of X3C. From this instance of X3C, we will construct an
1,DP25...,Dn - ’

completelyconnected, undirected graph, in which eac nstance of RGPGM such that a partitivrof the node seVy

vertexu; represents a backup pady. G is the set of with g(V) > R exists if and only |f_C contains an exact cover.
. o We use local replacement technique for the NP-completeness
gain valuesg(i, j) for every edge(v;,v;) € Eg. Ly

is the set of wavelength listd; for v; € Vy where proof. Corresponding to each subsgt C (c; = {@i, i, 2i}),

we will construct a subgraph off with 12 nodes and 18
A; represents the set of wavelengths that can be use — . .

edges, as shown in figure 2. Since this construct corresponds
throughout on backup patB;.

« Gain of a vertex set:If V' C Vg, then the gain associatedto the 3-element subsel, we will refer to the edges Qf this
. LT construct ask;. Thus, the instance of the RGPGM will have
with V' denoted byy(V') is given by}, oy g(vi, v)).

. 9 4 Vi vertices whereVy = X U U9 {a? 1 1 < j < 9.
» Gain of a graph_ _part|t|on. ItV = {VV,....Vi} The instance of the RGPGM will have two types of edges,
represents a partition of the node $&t of a graph, then tel
) ) . - - . E4 and Eg, whereE4 = U;_; E;. It may be recalled that
the gain associated with this partition denotedgy) is . i ) )
iven by g(V) — ZI-C a(V2) the instance of the RGPQM problem is an edge-weighted,
9 i=1J3 T completelyconnected undirected graph. If two nodgsand
v; are not connected by an edge= E 4, then there must be
an edgec’ € Ep connecting these two nodes. The weight on
all edgese € E4 is 1 and the weight on all edges € Fp is
Instance  Given a Path Intersection Graph—oo. Finally, we setR = 3¢ + 9|C|. The number of vertices
H(Vy,Ey,Gy,Ly) with Vg, Ey, Gy and Ly as of the instance of RGPGM will beX| 4 9|C| = 3¢+ 9|C] i.
defined before and a positive integ@r e, |Vu| = 3¢ +9|C| = 3¢, whereq’ = g+ 3|C|. It is easy to

B. Graph Partitioning for Gain Maximization (GPGM) Prob-
lem



see that this construction procedure can be done in polyalonsize 1, K5 cliques of size 2 and(s cliques of size 3. In this
time. case,|Vy| =3¢ +9|C| = 1.K; + 2.K5 + 3.K3 andg(V) =
0.K1+1.K2+ 2.K5 < |Vg|. Thus, the only way the instance
of RGPGM can be partitioned with gaif(V) = 3¢ + 9|C|

is when it can be partitioned into cliques of size 3 with all
edge weights equal ta. If V = Vi UV, U---UV, is a
Fig. 2. Local replacement fat; = {x;,y:, z:} € C for transforming X3C partition of in.to cliques of size 3 with edge weight then .
to RGPGM. the corresponding exact cover can be computed by choosing
those subsets; € C such that{a?,af,ad} = V; for some
j,1 < j < 4. It can be easily be verified that the subsets
chosen this way will constitute an exact cover for the X3C
problem. ]

V. OPTIMAL SOLUTION THROUGH MATHEMATICAL
PROGRAMMING

In this section, we provide an Integer Linear Program
formulation [1] for finding the gain maximizing partition tie
path intersection grapH (Vy, Ey, Gu, Ly). Let the network
graph beG andA be the set of all wavelengths in the network.
Fig. 3. Local replacement for 3 subsets = {u1,us,us}, c2 = A; is_t_he set of Wavelen_gths asspciated with vertex Vg as
{us, us,us} andes = {u1, us, ug } specified byLy. ¢(i,7) is the gain of edgév;,v;) € Ex as
specified byG'y. Let |V | = n. Suppose the optimal partition
of Vi is V with components{V;, V»,...}. There can be at
most n components in the optimal partition. The indicator
variables are defined as followsgw € Vi, 1 <i <n, 2! =1
if vertexv € V;, 0 otherwiseYu,v € Vi, 1 <i <n,y. , =1
: M vertices u,v € V;, 0 otherwise.Vv € Vi, 1 < ¢ < [A],

C that make up an exact cover of. In this case, we zy. = 1 if vertex v is assigned wavelength 0 otherwise.

can pa”'l“o'; the nofe rSde |nt70 Zl U Vs L?f e Uqu/ bY  The objectivefunction is to maximize the total gain of the

takmg{qi sap, it {aq, af, yit {af, ai, zik, {aé 1 @i a; } from partition. That is,Maximize Z?_l 22—1 23—1 g(u, )yl .

the vertices ofF;, V\{henellergi = {xi’fi’?};s in ;hesex;:\ct The set ofconstraintsis given below. - '

cover, and by takingia,, ai, aj}, {aj,a, ai}, {a], ai, af} Each vertex must be in exactly one component of the
partition. Thatisyv € Vi, 351, o, = 1.

from the vertices meeting’;, whenever; is not in the exact
cover. Thus if there is an exact cover in the instance of X3 N

- Each vertex must be assigned exactly one wavelength
from its list of available wavelengths. That i§p € Vg,

Claim: There is a partition of the instance of the RGPGM
problem with g(V) > R, if and only if the instance of the
X3C has an exact cover.

Suppose that;, cs, ..., ¢, are the 3-element subsets fro

the instance of the RGPGM can be partitioned ifitaubsets

Vi,..., Vo, where eachV;,1 < i < ¢ is a completely

connecteqd subgraph (clique) of size 3. Since the edge Vﬂeigg{:ceAv Zve =1 ar?d Zc%Au(v) Zv,e = O )

associated with each edges that form the clique is 1, the gaif" €dge (u,v) is in component; if and only if both u

associated with each cliqué,1 < i < ¢ is 3. SinceVy has andwv are in7. Mathematically,y;, ,, = x!,x!. This quadratic

been partitioned inta’ cliques, the gain of this partition is Onstraint can be replaced by two linear constraivits.v €

3¢/ = 3¢ + 9|C|. Thus, if there is an exact cover, there is &7, 1 <@ <n, &, +x;, > 2y, , andz;, +z;, — 1 <y, .

partition with gainR. - All vertices belonging to a component must be assigned the
Conversely, suppose that there exists a partitionf the Same wavelength. Define for convenience, an indicator beria

instance of RGPGM such thg(V) = R = 3¢/ = 3¢+ 9|C|. for each vertex pait, v and wavelengtle as follows.Vu,v €

First we show that if such a partition exists, it must be paissi Vi, 1 < ¢ < [A[, sf,, = 1 if verticesu, v are both assigned

to partition the instance of RGPGM into cliques of size 3fsudhe same wavelength 0 otherwise. The quadratic constraint

that all edges belonging to the cliques have weight 1. Thefi,» = Zu.c?v,c €an be replaced by the two linear constraints:

we show that if such a partition into cliques of size 3 wittYu,v € Vi, 1 < ¢ < [A], 2y +20,c > 257, andzy ¢+ 24,0 —

all edge weights 1 exists, the instance of X3C must have &r< s, - Now, the constraint that all vertices in a component

exact cover. must be assigned the same wavelength can be represented as:
It may be noted that the way the instance of the RGPGN, v € Vi, 1 <i <mn, y, , < Zf;:1 S

was created, the graph does not contain a clique of size 4wo backup paths whose combination causes divergence

or higher with all edge weights equal to 1. Suppose that tisannot be assigned the same wavelength. Thatisy € Vi

graph H is partitioned into cliques of size 1, 2 and 3 anduch thatg(u,v) = —c0 & B,, B, are not disjoint inG,

suppose that the partitiol is composed ofK; cliques of Zl s¢ ., =0.

c=1 “u,v



VI. HEURISTIC FOR COMPUTING GSTREAMS VIl. SIMULATION ENVIRONMENT, RESULTS AND

DiscussioN
Algorithm 1 heuristic_streams(H (Vy, Ex, G, Ly), set We conducted simulations to evaluate the gain for stream
B; of backup paths in G) and gStream partition. In both cases, we compared the dptima
1 k1 gain value obtained by solving the Integer Linear Program
2: while 3 edge(v;,v;) € Eg such thatg(s,5) > 0, do with that of the heuristic. The experiments were conducted
30 (va,vp) <= (vi,v;) such that\;NA; # @ andg(i, j) is largest  on two network graphs namely, National netwogd (rodes,
among all(vi, v;) € B 44 links) and NSFNET 14 nodes21 links). The experiments

4.V s .
. Sglgt{zerfgivt € Vi \ Vi such thaty>, _, g(s.t) is were conducted for different number of wavelengths For
Vg A ’

positive, maximum and\(V;,) N A, # 0. If no such vertex eaph network and wavelength, source-destinatiors — d)
exists, go to step 8. pairs were randomly selected. The shortest path betwedn eac
6: Vi — ViU {v}. o (s—d) pair was chosen to be the primary path betwgend).
7. Remove vertex; and all incident edges front/. Go to step A randomly selected wavelength that can be used throughout

8: g.elect wavelength from A(V}) uniformly at random and on the path was assigned to all .the nodes on the path. For the
assign it to all vertices of/. backup path betweefs — d), the first5-shortest paths that are
9. Vu; € Vi \ Vi andJv; € V; such thatB; N B; # 0, A; —  disjoint with the primary path were computed. One of these
A\ A paths was selected uniformly at random to be the backup path
10: ke—k+1 between(s — d). From the set of backup paths, compatibility
i; ﬁnSHw:éllg then and gain values between the paths for forming streams and
13:  while Vi # 0 do gStreams were computed. The algorithm to compute the gain
14: Select at random, a vertax € V into component/;. value that can be obtained by the concatenation two backup
15: Select wavelength\ from A; uniformly at random and paths is provided in the appendix.
assign it tov.
16: VYv; € Ve \Ui such thatB; N B; # 0, Ay — A\; \ A
17: VH<—VH\U7;,]<:<—]€+1
18:  end while P
19: end if :
20: return {Vq,Va,... Vi_1} v

In this section, we present the heuristic to compute gStseam
from the Path Intersection Grap = (Vy,Ey, Gy, Ly).
Recall thatA; € Ly represents the set of wavelengths
available for vertexv; € Vy. Let A(S) for S C Vy be Fig. 4. Comparison of gain of streams and gStreams for Naitinatwork
defined as the set of wavelengths common to all vertices wifh A = 13
S. That is,A(S) = ,,cs Ai- The heuristic first selects two
verticesv, andv, into a component such that edg¢e,, v,)
has the largest gain in the path intersection graph and
v, have at least one available wavelength in common. The
heuristic proceeds by selecting vertices from the rest ef th
graph that have at least one wavelength in common with the
vertices in the component and result in the largest componen
gain. When no such vertex can be found, this component is
complete and the heuristic assigns a wavelength randomly
from the list of wavelengths common to all vertices in the
component. These vertices (and the incident edges) are t'h_%t:]
removed from the graph. The wavelength that was assignedf
present) is removed from the set of available wavelengths of
those vertices in the graph whose backup path in the networlAll the simulations were conducted on a Pentidrd-2 GHz
graph shares edges with the backup paths correspondingdamputer with2 GB RAM. The ILPs were solved optimally
the vertices in the component. This process is repeatetl ung8ing ILOG CPLEX10.0. In the experiments of Figures 4
there are no edges with positive gain left in the graph. Whemd 5, we set out to study the effect of increasing the number
the graph has no positive gain edges, the heuristic pasiticof backup paths on the gain value in case of streams and
the remaining vertices in the graph into separate partitiogStreams in National and NSFNET networks respectively. We
and assigns wavelengths randomly from their list of avéélabvaried the number of backup paths framto 25, while the
wavelengths. The heuristic runs@(n?[) time, wheren is the total number of wavelengths in the network wias In both the
number of backup paths arids the number of wavelengths. networks, CPLEX took less th&® minutes to solve foR0 or

5. Comparison of gain of streams and gStreams for NSFN&Work
A=13
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Fig. 6. Comparison of gain of streams andrig. 7. Comparison of gain of streams andrig. 8. Effect of increasing the number of wave-
gStreams obtained from heuristic for large numbeagStreams obtained from heuristic for large numbdengths on the gain for streams and gStreams for
of backup paths for National network with= 15  of backup paths for NSFNET network with= 15 National network with20 backup paths

less backup paths, while f@5 backup paths, it typically took [6] S.Kim and S. S. Lumeta,“Capacity-efficient protectiofthifast recovery

17 hours to compute the optimal solution. The time taken by in optically transparent mesh network$roceedings of Broadnet§094.
.. . )(] M. Medard, S. Finn and R. A. Barry, “WDM Loop-back Recoyen

heuristic for all the cases was in the order of a few secomds.’|" \josh Networks”Infocom New York, March 1999.

88% of the test cases, the gain value obtained by the heurigc G. Mohan, C. S. R. Murthy and A. K. Somani, “Efficient alghms for

differed with the optimal gain value by at mdstThis strongly routing (_jependable connections in WDM optical networkEEE/ACM

L . . . transactions on Networkingsol. 9, no. 5, October 2001.
suggests that our heuristic provides near optimal solutiion [9] S. Ramamurthy and B. Mukherjee, “Survivable WDM Mesh Wigks”,
most instances of the problem in a fraction of the time needed Parts | and Il Proc. of IEEE INFOCOM March 1999, andICC,

for finding the optimal solution. In the experiments of Figsr ___Vancouver, CA, June 1999. . . .
[10] A. Sen, B. Hao, B. H. Shen and G. Lin, “Survivable Routing?/DM

6 and 7, we increased the number of backup pathgsto Networks: Logical Ring in arbitrary Physical TopologyEEE ICC, New
Because of the large execution times for solving the ILP in York, May 2002.

each instance, we resorted to the heuristic. We varied the
number of backup paths fromi to 50 and computed the
heuristic gain values of streams and gStreams. It can be seen— _
that the gain value of gStreams becomes significantly high&i@0rithm 2 compute_gain(B;, B;)

than that of streams as the number of backup paths increage Initialize gain— 0, E =0, §; < 0, ;7 < 0,1 <i <mny
This is because, gStream with its OB structure can take 2 for all edges(u,v) € B; do

better advantage of more number of backup paths than strearjjs 5E+<<__El Udi(qf_’”l)}

which is be made up of only directed paths. In figure 8, W& andfor

studied the effect of increasing the number of wavelengths: for all edges(u,v) € B, do

in the network on the gain value of streams and gStreams. if (u,v) € E then

When more number of wavelengths are available, gStrean$s gain < gain + 1

gain is significantly higher than streams gain since in@eas,’ EISE — BU{(u,0)}

in number of wavelengths relaxes the wavelength continuify. anqg i ’
constraint and allows more gStream formations. From afighei2: 6+ — 67 +1, 6, — 6, +1

experiments, the superior benefits of gStreams are evident13:  if 6; > 1 or§, > 1 then
14: return —oo
VIIl. CONCLUSION 15.  end if

In this paper, we presented a generalized notion of streak§s end for
and developed efficient algorithms for maximizing capacity’- "etum gain
utilization. Through our extensive simulation, we demon-
strated that the gStream scheme provides significanthebett The functioncompute_gain takes as arguments two backup

APPENDIX. GAIN COMPUTATION

resource utilization compared to streams. paths B; and B; and determines the gain value that can be
REFERENCES obtained by including3; andB; in a stream. IfB; andB; are
incompatible, then this function returasc. Let n;, represent
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