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Abstract: A diverse routing algorithm is introduced to maximize dubkfi-cut protection
on bi-connected networks, where each flow have to use two oe pertially disjoint backup
paths to protect all restorable dual failures.
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1. Introduction

Protecting dual fiber-cuts receives attention in recents/dae to large scale fiber deployments and reduced retiabili
in certain components, procedures and geographical region

Current research on network protection and restoratiortlynfiscuses on resiliency approaches for single fiber-
cuts and their derivatives such as failures of node or theeshask link group (SRLG). Among them, ttehared
backup path protection (SBPEpuld minimize network redundancy while still maintainisigfficient spare resource
for backup paths upon failure scenarios, consequentlyagieeing network survivability with minimum resource.
SBPP has been implemented in various backbone networkcimot@nd operation strategies. A recent study of using
SBPP to protect dual fiber-cuts provides a fast and scalabtkad for thespare capacity allocatioproblem [4].

This paper studies thdiverse routingoroblem using SBPP for dual fiber-cut protection on bi-cateé networks.
SBPP uses three mutually disjoint paths to protect all diarfcuts. A tri-connected network can guarantee the
existence of three disjoint paths for each node pair. Howewajority of optical networks nowadays are still bi-
connected. Certain flows will not have three mutually digjgiaths. Our purpose here is to find the best partially
disjoint paths to protect the maximum subset of dual fibés.cu

On a tri-connected network, thibverse routingalgorithm to find one working path and two disjoint backuphgat
can be achieved by using the max-flow based algorithmsth@&Shortest Augmenting Pattigorithm in §7.4 of [1].
The method sets the link capacity of a tri-connected gragin®unit, and requests to send three unit of commodity
from the source to the destination. After the algorithm fihe $olution, the used links will accommodate three link
disjoint paths.

The max-flow based diverse routing algorithms have an adgantver the k-shortest path (KSP) based algorithms
on finding all possible diverse paths when a condition catedrap topologyexists. This has been explained for the
single failure protection in [3]. This advantage can be ozl to dual failure protection. An example is in Fify. 4(b).
When flow 3-8 has the first two paths passing links 1-5 and i3 difficult to find another disjoint path using the
KSP based algorithms. However, the max-flow based algosittonld still find the next disjoint path after removing
these trap links overlapped by multiple paths. The detalegds can be seenin [2].
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Fig. 1. Partially disjoint routing for dual fiber-cut protem on a bi-connected network



2. Cut-Pairs, Cut-Groups, and Secondary Backup Paths on Bi-Connected Networks

A bi-connected network includes a set of cuts containiny &wb fibers, calleccut-pairs The failure of a cut-pair
will partition the network. Hence, the dual failures of anyt-pairs should be removed from the consideration of the
partial protection here. The tri-connectivity algorithm[b] provides a set of cut-pairs in linear time.

Given all cut-pairs in a bi-connected network, a flow couldfiwo link disjoint paths first. One is working path,
and the other is the primary backup path. Next, a subset gia@iu$ that straddle on these two paths can be identified.
If there is no such cut-pairs, we can find a fully disjoint thirath as the secondary backup path. If this subset of cut-
pairs exist, they should be excluded from the dual fiber-tutse resilient by this flow. This can be done by finding
one or more partially disjoint paths to reuse the first or addualves of these cut-pairs and to allow protection of the
remaining dual fiber-cuts.

An example is given in Fidl]1. From node s to node t, there aeanorking and one primary backup path as shown
in blue and red lines. They straddled on several cut-pé&lr2), (1,3),(4,5). To use the augmenting shortest path
algorithm to find the third path, we remove the forward dii@ts$ on links alone the first two paths and leave reverse
arrows on these links, as shown in Hig. 1(b). At this momdaatflow s—t is partitioned by cut-pairs. Next, we restore
certain cut-pair edges so the partially disjoint secontbagkup path can be found.

The subset of cut-pairs for flow s—t needs to be organizedtiegas a set afut-groups Any two cut-pairs with a
common edge in this subset can join together to form a cutgrd his “join” operation is transitive, i.e., if the first
and second cut-pairs have a common edge, and the secondranclithpairs share another common edge, all three
cut-pairs should belong to the same cut-group of the givem fio Fig.[d, an example of the cut-group|is, 2, 3]
where the first half of the cut-group is the set of link 1, aneldther has the set containing two links: 2 and 3.

In Fig.[d(c), we can see that a single secondary backup patbtdnes might not be able to protect all dual fiber-cuts
after excluding all cut-pairs straddling the flow. For exd@pising the first purple path that passes link 1 and 5, the
flow is still not protected for the dual fiber-cut of link 1 andwhich does not belong to any cut-pairs. However, if
both purple paths are used together, all non-cut-pair doei-tuts can be protected.

Let k be the number of the cut-groups of a flow. Hoe 1, the minimum required number of partially disjoint
secondary backup patlpscan be zero, one or two as shown in Fig. 2 respectively.
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Fig. 2. Special cases when there is one cut-grikupl

Theorem 1. The minimum required number of partially disjoint secondaackup paths to protect a flow against dual
fiber-cuts in bi-connected networks (excluding all cutrppis the number of cut-groups of the flow when there are
two or more cut-groups.

Proof. We need to prove = k,k > 2 by induction below.
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Fig. 3. Construct partially disjoint routes frokn=i to k =i + 1 during the induction



Whenk = 2, we design these two secondary backup paths to use difflige sets combination from the two cut-
groups, different from those used in the working and the arinbbackup paths, then all the dual fiber-cuts excluding
those cut-pairs can be protected. The example is illugtiat€ig[d(c).

Assumek = i and we havep =i, wherei = 2,..., there are alreadysecondary backup paths to restore all dual
fiber-cuts excluding all cut-pairs inside the firgtut-groups. We construct thespaths as follows: th¢-th secondary
backup path always uses the first half (top) of ke cut-group and the second half (bottom) of other cut-gspu
wherej = 1..i. It is easy to prove that these paths could restore any d@addilits involving the first cut-groups. This
is shown in Fig[B. Wheik =i + 1, we will use(i + 1)-th secondary backup path to protect additional dual filoes-c
introduced by the last cut-group. First, we make all presi@econdary backup paths to use the second half (bottom)
of the last cut-group. Then we add one extra secondary bazkiinusing the first half (top) of the last cut-group, but
the second half (bottom) of all othéicut-groups, as shown in the bold purple line in Fiy. 3. Thithpaill protect
the flow against the dual fiber-cuts involves the un-protkcteses in previouispaths. Consequentlp =i+ 1. By
induction, we have =k, vk, k > 2. O

3. Test Reaults

A set of bi-connected networks used to test our partial deouting algorithm is given in Figl 4. The first network in
Fig.[4(a) is a New Jersey LATA network. The second has a tiaqlégy for dual fiber-cuts. It also includes a cut-group
with multiple cut-pairs. The third network contains fourt-@roups for flow 1— 2. Sample flows for test networks,
their cut-groups and four partially disjoint paths are showdifferent colors. Only two secondary backup paths are
computed for demonstration. For a flow with more than twognatdps, i.e., flow 1 2 on the third network, these
two secondary backup paths are selected to maximize trerabgt dual fiber-cuts, whep= k = 4, four secondary
backup paths (plus working and primary backup paths) amnally considered too many for most real deployments.

Network (a) NJ LATA (b) Trap Topology  (c) Multiple Cut-grosp

Flow (f—}) 1—-11 3—8 1—2

Cut-groups [1-2],[1-3]; [3-2 2-6 6-7],[3-1]; [1-3],[1-4]3-5],[4-6];
( ) [9-11],[10-11] [7-8],[10-8] [5-71,[6-8]; [7-2],[8-2]
Path 1 blue) 124911 32678 13572
Path 2 gree) 1381011 314108 14682

Path 3 (ed) 12341011 3267519108 135682
Path 4 purple 136911 31578 146572

Fig. 4. Bi-connected networks and their partially disjoimtites
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