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. . L Abbreviation Meaning
Abstract—MPLS recovery mechanisms are increasing in pop- Label Switched Path, an established route in an MALS
ularity because they can guarantee fast restoration and high QoS | LSP domain '
assurance. Their main advantage is that their backup paths are Label Switch Router, a routing device in an MPLS
established in advance, before a failure event takes place. Most | LSR domain
research on the establishment of primary and backup paths has Global Recovery, one of the studied MPLS recovery
focused on minimizing the added capacity required by the backup GR schemes (see Section 1)

paths in the network. However, this so-called Spare Capacity Local Recovery, one of the studied MPLS recovery

Allocation (SCA) metric is less practical for network operators LR schemes (see Section 1)

who have a fixed capacitated network and want to maximize RLR Restricted Local Recovery, one of the studied MPLS
their revenues. In this paper we present a comprehensive study recovery schemes (see Section I)

on restorable throughput maximization in MPLS networks. We FLR Facility Local Recovery, one of the studied MPLS
present the first polynomial-time algorithms for the splittable recovery schemes (see Section I)

Extended k Facility Local Recovery, one of the studied
MPLS recovery schemes (see Section )
Unrestricted Recovery, one of the studied MPLS recov-
ery schemes (see Section |)

Spare Capacity Allocation, a widely used optimization

version of the problem. For the unsplittable version, we provide EKFLR
a lower bound for the approximation ratio and propose an
approximation algorithm with an almost identical bound. We UR
present an efficient heuristic which is shown to have excellent
performance. One of our most important conclusions is that SCA metric for restorable traffic (see Sections | and II)
when one seeks to maximize revenue, local recovery should be Splittable/Unsplittable  Primary-restricted Restorable
the recovery scheme of choice. S/U-PRFP | Flow Problem, a new optimization problem described

In Terms—MPLS. Failure. R verabilit in this paper (see Sections IlI-A and 11I-B)
dex Terms— S, Failure, Recoverability Splittable/Unsplittable Restorable Flow Problem, a new

S/U-RFP optimization problem described in this paper (see Sec-
tions 11I-C)
. INTRODUCTION Splittable/Unsplittable Flow Problem, a well-known op-

_SIU-FP timization problem [6], [7]

IP networks should support real-time applications that re _ : ] _
Splittable/Unsplittable Primary-restricted Flow Prob-

quire str_ingent gvailability and reliability, such as \biovgr S/U-PFP lem, a restricted version of S/U-FP (see Sections I11B)
IP and virtual private networks. Unfortunately, failures atill TABLE |
common in the daily operation of networks, for reasons sich a ABBREVIATIONS AND ACRONYMS USED IN THE PAPER
improper configuration, faulty interfaces, and accidefitsr
cuts [1], [2] . Therefore, mechanisms that restore the flow of
traffic quickly and efficiently after a failure are essential

The IP routing protocols are not suitable for fast restorati mechanisms, which establish backup paths only after aréailu
Using these protocols, a node first detects a failure and thegfurs.
disseminates routing updates to other nodes. These updatds this paper we focus on MPLS-based protection mech-
are used for calculating new paths. This process takesatev@nisms [4], [5]. However, our results are also applicable to
seconds before proper routing of data can resume [3], [Other Layer 1 and Layer 2 protection mechanisms. In keeping
During this time, packets destined to some destinations maith MPLS terminology, we refer to the path that carries the
be dropped, and applications might be disrupted. Moreov&gffic before a failure as a primary LSP, and the path that
when QoS is supported, the routing protocol cannot guagangaurries the traffic after the primary LSP fails as a backup.LSP
that the alternate path will provide the same QoS as thedfailéhroughout the paper we consider only bandwidth guaranteed
one. protection. For this kind of protection, the backup LSP must

For these reasons, many network operators do not rely ob@ able to provide the same amount of guaranteed bandwidth
on IP routing protocols to restore traffic, but also emplogrovided by the primary LSP. To this end, resources should
recovery mechanisms in Layer 1 and Layer 2 protocols suchkgreserved upon the establishment of each backup LSP, to be
WDM, SONET/SDH, and MPLS. These recovery mechanisnttsed only when the protected element — link or node — fails.
guarantee fast restoration and high QoS assurance becaudéany MPLS recovery schemes have been proposed. We
they establish backup paths in advance, before a failunet evelassify these schemes as follows (see Table Il):
takes place. Such recovery mechanisms are usually referred) Global recovery (GR) schemes [5] (Figure 1(a)): In
to as “protection” mechanisms, as opposed to “rerouting”  this class, each primary LSP has one backup LSP. The
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(e) an extended k-facility local recovery scheme (f) an unrestricted recovery scheme (UR)

(EKFLR, k=2)

lllustrations of the various recovery schemes

O

(c) a restricted local recovery scheme (RLR)

Recovery Protected elements | Start node End node Protected
scheme class primary LSPs
GR all elements of pri-| head of primary LSP tail of primary LSP single LSP
mary LSP
LR single element immediately upstream tail of primary LSP single LSP
protected element
RLR single element immediately upstream immediately downstream of single LSP
protected element protected element
FLR single element immediately upstream immediately downstream of all LSPs traversing
protected element protected element the element
single element immediately upstream immediately downstream of a subset of LSPg
EKFLR protected element protected element traversing the ele-
ment
UR arbitrary arbitrary arbitrary single LSP

TABLE I

CHARACTERISTICS OF THE RECOVERY SCHEMES

primary and backup LSPs share the same end nodes. The
backup LSP protects against all link/node failures along
the primary LSP, and it does not share any link/node with
the primary LSP. A failure notification must propagate 4)
from the node that detects the failure to the head of the
LSP. These recovery schemes are sometimes referred to
as path recovery schemes.

Local recovery (LR) schemes [8], [5] (Figure 1(b)):

In this class, a separate backup LSP is constructed
to protect against a possible failure of each element
along the primary LSP. Each backup LSP starts at the
immediate upstream node of the protected element, andb)
ends at the tail of the primary LSP. If such a local
path does not exist, we assume that the LSP starts at
the closest possible upstream node. A backup LSP may
share links with the primary LSP upstream of the failure.
The recovery in this class is faster than in the GR class,
since the node that detects the failure is usually also the
one that diverts the traffic to the backup LSP. However, 6)
more backup LSPs are needed to protect each primary
LSP.

Restricted local recovery (RLR) schemes (Figure 1(c)):
As in the LR scheme, a backup LSP starts at the
immediate upstream node of the protected element but
ends at the immediate downstream node. This makes the
recovery process more local, since the route downstream

LR scheme, resources need not be released downstream
of the primary LSP failure. The RLR schemes are
sometimes referred to as link recovery schemes.
Facility local recovery (FLR) schemes [8] (Figure 1(d)):
Backup LSPs are constructed as in the RLR schemes.
However, a single backup LSP protects all the primary
LSPs that traverse the protected element. This makes
the process of restoring the traffic to the backup LSP
simpler, using MPLS label stacking [4]. In addition, with
this recovery scheme, the number of backup LSPs and
the incurred state overhead are significantly reduced.
Extended k-facility local recovery (EKFLR) schemes [9]
(Figure 1(e)): Backup LSPs are constructed as in RLR.
However, there might be up té backup LSPs that
protect each element. Obviously, this scheme is more
flexible than FLR, and permits the preferred trade-off
between higher routing efficienc¥ (s larger) and lower
administration overheadk(is smaller).

Unrestricted recovery (UR) schemes (Figure 1(f)): In
this class, each primary LSP may be protected by any
number of backup LSPs. Moreover, each backup LSP
may start and end at any point along the primary LSP,
and may protect against failures of any number of
elements. This scheme incurs the highest administrative
overhead while being the most flexible.

of the failure does not change. Hence, unlike in the Table | summarizes the abbreviations and acronyms used
throughout the paper.



A failure is frequently limited to a single network element 2) We show that the unsplittable version of the problem is
— a link or a node. Hence, it is customary to compare NP-complete and has no approximation algorithm with
recovery schemes by measuring their performance under the a ratio of|E|'/?~¢.
assumption that a failure may occur only after the netwosk ha 3) We propose an approximation algorithm with the ratio
recovered from the previous failure. An important implioat of O(|E|'/?) for the case where the traffic demand of
of this assumption is that two backup LSPs protecting agains  an individual flow does not exceed half of the edge
different failures may share their reserved bandwidth. The capacities.
single failure assumption may not hold in an optical WDM 4) We present efficient heuristic that is shown to have

network, where the MPLS links are circuit-switched optical excellent performance.

channels, called lightpaths [10]. Since a single physid@rfi 5) We compare the various recovery schemes with respect
link may carry several lightpaths, a single failure in theicgd to the throughput maximization criterion. We show that
layer may induce several MPLS link failures, an event known  UR, GR and, LR differ only marginally in their perfor-

as “failure propagation”. Since the algorithms presented i mance. Since LR has the fastest restoration time of the

this paper are complicated, we prefer to present them under three schemes, it should be the scheme of choice.
the single failure assumption. However, in Appendix B we 6) We show that EKFLR wittk = 2 has almost the same
show how these algorithms can be extended to address MPLS performance as RLR and should be preferred over it for
tunnels over WDM lightpaths. its lower administrative overhead (fewer backup LSPs).
Most past research on the selection of backup LSPs isThe rest of the paper is organized as follows. Section II
directed at minimizing the total bandwidth reserved for thgiscusses related work. In Section Ill we formally define the
backup LSPs. To this end, backup LSPs are routed to ma@xoblems addressed in the paper and discuss their compu-
imize their bandwidth sharing. This optimization metric igational complexity. Section IV presents algorithms foe th
usually referred to as Spare Capacity Allocation (SCA). Mogroblems. In section V we conduct a simulative comparison
els that seek to optimize SCA usually consider a netwodf algorithm performance for the various recovery schemes.
whose links have unbounded capacity, and a cost functipn Section VI we extend the discussion to address node
associated with bandwidth usage. Their objective is teati failures. Finally, Section VII concludes the paper.
the entire set of flow demands while minimizing the cost of
the backup LSPs. Such models are more suitable for network Il. RELATED WORK
dimensioning or for the capacity planning stage, duringalvhi  Research on the performance of recovery schemes for vir-
the network operator seeks to minimize the cost of the lirtkhal circuit routing has been conducted not only for MPLS, bu
capacities while satisfying future bandwidth demands. Howlso for ATM and optical networks. The recovery principles i
ever, while minimizing the cost of building the backup LS®s imost of these schemes are similar: a primary path is pratecte
an important goal, network operators usually face a differeby one or more pre-established backup paths to which the
optimization problem when they operate their networks: theaffic is restored. As mentioned in Section |, most previous
networks have predetermined link capacities and the aprsratwork is directed at minimizing the Spare Capacity Allocatio
seek to maximize their revenue by maximizing the traffic thESCA) metric. Many papers develop an Integer Linear Program
network can accommodate. In this model, it is assumed tt{#HtP) whose output is the set of backup paths that can fully
link capacities have already been determined, and the gosdtore the traffic on the primary paths. Since finding an
is to maximize the revenue. In contrast to the SCA modalptimal solution to an ILP is computationally hard, most of
here not every demand should or can be satisfied. Anottibe papers focus on approximation algorithms or hueristics
difference between our model and SCA is load balancing. TheThe heuristic algorithm in [12] chooses backup paths, one
SCA model maximizes resource sharing and thus providesana time, according to a GR scheme, and updates them
incentive for load balancing. However, when resource sigariiteratively. The algorithm in [13] uses a rounding process
is not possible, SCA provides no incentive for load balagcirfor the relaxed LP. It then uses hop-limited restorationtesu
since the cost associated with an established LSP does taotound the LP solution. Other algorithms that address the
depend on the current load of the selected route. This maZA problem using the ILP formulation can be found in [14],
result in traffic being concentrated on few highly loadedkdin [15], [16], and [17] . In particular, [17] is concerned with
In contrast, a link in our model will not carry more than it¢he survivability of flows in ATM networks. As in our work,
predetermined capacity. the authors consider several restoration schemes fotadbéit
In light of the above, SCA is not the most practical criterioflows and formulates them as a linear program. However, there
for running a given network during the operational stagare some major differences between [17] and our work:
Hence, in this paper we present a comprehensive study of the The optimization model is different, as already discussed.
problem of constructing primary and backup LSPs in a given. In [17], an uncapacitated network model is used. Thus,
network whilemaximizing throughput. The main contributions its results are mostly relevant for network planning. In
of paper are as follows: contrast, this paper considers strict capacity consgaint
1) We show that the splittable version of the problem is in  Therefore, our results are more relevant for the admission
P and we offer the first polynomial time algorithm for of connections in operational networks.
it. In particular, we improve the results presented in [11], « In [17], the primary and backup LSPs are restricted to a
where only an FPTAS was shown. predetermined set of routes. We have no such restriction.



o In [17], the unsplittable case is not addressed, while in> 0 and produces a solution that is within a factoof
this paper it is. being optimal. The running time of an FPTAS is required to

In [18], the work of [17] is extended by considering twdde polynomial in the problem size an/e. The proposed
ATM path restoration schemes: state independent, whichalgorithm in [11] deals with the splittable version of the
equivalent to our Global scheme, and state dependent, vgiclproblem, where each demand can be split into several primary
equivalent to our Unrestricted scheme. The optimizatiodeho and backup paths. This algorithm uses the RLR scheme.
of [18] is still SCA, and the unsplittable case is addressed.In [32], simple heuristics that find backup lightpaths foe th

Some works use non-ILP methods to address the SC@storation of IP over WDM are presented. This paper also
problem. The approach employed by [19] is based on a gempares the throughput and the restoration time of each
netic algorithm. The algorithm utilizes crossover and rtiata  algorithm.
operators to evolve “good” solutions toward optimality.€Ele
operators_force .disjoint backup paths to share their paﬂMNi l1l. PROBLEM DEFINITION AND COMPUTATIONAL
The algorithm finds GR paths and can also deal with a non- COMPLEXITY
linear cost function. In [20], a local search algorithm whic
adopts the tabu search technique is proposed. In [21], a twoJwo types of event failures can be considered: a link failure
phase approach is proposed. First, a set of Iink-disjoimspaand a node failure. In [2] it was observed that link failures
for a given set of demands is found. Then, using this set, agcount for about 70% of the total network failures. Due
ILP-based selection of primary and backup paths is made.t0 length constraints, we focus our discussion here on link

Only a few papers have proposed approximation algorithrf@ilures. In Section VI we extend the discussion and explain
with performance guarantees for the SCA problem or it¥w to apply our results to node failures as well.
variants. In [22], offline and online approximations for the Throughout the paper we deal with offline optimization.
FLR scheme are presented. These algorithms are basedN@mely, we assume that the operator knows the charaatsristi
approximation algorithms for the Steiner network problen®f the LSPs in advance. The justification for the offline model
They present anO(1) approximation for the case whereis that most of the LSPs are reserved in advance. For instance
the primary paths are predetermined. They also propose a#ypical VoIP provider will reserve an LSP (VoIP trunk) with
algorithm for finding both primary and backup paths witt® certain bandwidth between two VoIP gateways for certain
an approximation ratio of(log(n)), wheren is the number hours every day. Hence, the network operator can execute the
of nodes in the network. A@%-approximation algorithm that offline algorithms once in a while, in order to optimize its
finds several backup paths for a single flow according to tévenue for the next hour(s).
GR scheme is presented in [23]. This algorithm reserves ann this paper we address two cases. In the first we assume
integral part of the whole bandwidth for each of these backdipat the primary LSPs are predetermined and only the backup
paths, and it is shown to be the best possible for the corsidel-SPs need be established, while in the second case we need
problem. to establish both. Most of this paper is devoted to the former

Other works concentrate on non-SCA criteria. In [24], [25Kkase, for two reasons. First, from a practical viewpoinis it
several heuristics based on the UR scheme are propogiticult for the network operator to retain joint optimizat
for minimizing restoration time and bandwidth consumptiorof primary and backup LSPs because of the implication that
In [26], two additional parameters are introduced into thexisting primary LSPs will require constant rearrangement
online SCA problem. These parameters allow the length f meet changing demands. Rerouting backup LSPs when
the backup paths to be reduced and bandwidth consumptitgcessary has far less impact on network operation than
to be reduced further. In [27], the authors address the @nlirerouting primary LSPs. It is therefore more practical touge
SCA problem while guaranteeing an upper bound on the delég primary LSPs, and then optimize the establishment of the
of both the primary and the backup paths. They use UR ahdckup LSPs separately. The second reason is that by setting
show it to have better performance than GR. up the primary LSPs in advance, we can focus our attention on

A few papers compare some of the various recoveppmparing the performance of the various recovery schemes.
schemes presented in Section |. Most consider SCA as th&Ve refer to the problem where both primary and backup
optimization criterion. In [14], [28], [29], [30], [31], [@], LSPs should be established as tRestorable Flow Problem
[17], the main focus is on the GR and RLR schemes. ModRFP). The problem where primary LSPs are given and only
of these papers use an ILP for optimizing SCA, and thdrackup LSPs must be established is referred to aBrtimaary-
approximate it. Their consensus is that GR outperforms RLRestricted Restorable Flow Problem (PRFP). For each of the
because global backup paths are more flexible and generéliyp problems we study the splittable and the unsplittable
traverse fewer links than RLR backup paths. Hence the GRriants. In the splittable variant, a flow demand can be
scheme is more effective in decreasing the extra bandwidttbitrarily split over an unbounded number of LSPs. This
that has to be reserved to ensure restorability. variant is particularly applicable to MPLS networks, where

Only a few papers use throughput maximization as draffic can be forwarded over multiple LSPs according to some
optimization criterion for the selection of primary and kap classification rules. For WDM optical networks, this appioac
paths. In [11], an FPTAS based on the primal-dual approachss less valid because the number of predetermined paths
developed. An FPTAS (fully polynomial-time approximatiorbetween two nodes is usually very limited. In the unspligab
scheme) is an approximation algorithm that takes a parametariant, a flow can only be routed over a single LSP. In



the next subsections we formally define these problems afkle target function is to maximize the total gained revenue:
address their computational complexity. Table lll sumzesi  Maximize Zf Wi Tf

our main results in this section. For every problem and everysubject to the following constraints:

recovery scheme, the table indicates whether the problem is

NP-complete, or irP, or its complexity is unknown (?). For _ _ T v=ty
. (C1) > _ Yo, — Do Yo =< —Tf vU=S5g
some of theA’P-complete problems we also give a lower e=(u,v) 7 fe e=(v,u) 7 fe 0 else
bound on their approximation ratio.
PP Yo e V,Vf € F\Ve € {E, ¢}
_ _ _ (C-2) > ,dy Yo < U Ve € E,Ve € {E, ¢}
Aéggﬁgallttable Primary-restricted Restorable Flow Problem (C-3) y?e -0 Vf e FYed¢ P
( : (C-4) y5.=0 Vfe FYec E
We now define th&xplittable Primary-restricted Restorable (C5) 0<zy<1,0< y?e <1 Vee E,Vee {E,¢},

Flow Problem (S PRFP) with respect to each recovery scheme. VfeF.
For simplicity, we assume throughout the paper that only one ) )
primary LSP is established for each flow. However, the result 1 1€ Set (C-1) of constraints ensures flow conservation. The

of the paper can be easily extended for the case where evaffy (C-2) ensures that no edge carries more than its capacity
flow has several primary LSPs. L&t = (V, E) be a directed The set (C-3) ensures that when no failure occurs, each flow

graph. Letu, be the bandwidth capacity of edges E. Let is routed only along its primary LSP. The set (C-4) ensures

F CV x V be a set of source-destination pairs representi t no flow is routed over a failed link. Finally, the set (-5
traffic flow demands. For every traffic floy= (s;,t;) € F, © constraints ensures that the total routed bandwidth of ea

let s, be the source node; the target node, the bandwidth flow and the routed bandwidth on each backup LSP do not

demand P, the sequence of edges along the primary LSP, aR§ce€d flow demand. _
w; the revenue for f. A feasible solution is one that admits The above constraints do not restrict the backup LSPs to be
some of the traffic flows into the network while meeting thBUilt according to a specific recovery scheme. The program

edge capacity constraints. Each admitted flow is routed SRIECtS, for every routed flow and for every failed link, a set
its primary LSP and must be fully restorable in the face & Packup LSPs that can carry the flow's demand following a
any single link failure. Hence, for every admitted flgiwand failure. Technically, according to these constraints, & fioay
edgee € Py, there must exist a set of backup LSPs th&ye diverted to a set of backup LSPs even if it is not routed
satisfies the constraints of the considered recovery schelfiugh the failed edge. In fact, the above linear program
and can accommodate the admitted trafficfoivhen ¢ fails. solves|E] d|ﬁergnt instances of the spllttal_ale flow problem,
The objective is to maximize the total revenue of the aduiitt@n€ for each failed link. The only connection between these
traffic flows. |E| instances is the requirement that the routed demand of

Note, the traffic demand of each admitted flow need n§gch flow in every in_star‘l‘ce must be the S‘Ff}me_(i“?)’ Itis
be fully satisfied. Moreover, following a failure, the adred C'€ar that such a flexible “recovery scheme,” which has almos

traffic of a flow may be split among several backup LSP8O restriction, would yield the best performance. ,
Therefore, this splittable version of the problem is more However, each of the recovery schemes presented in Sec-

applicable to the case where the network can technically spion | imposes a set of additional constraints on the backup
each flow into smaller sub-flows. A good example for thisSPS: The more constraints a recovery scheme imposes, the
is a VoIP trunk between two media gateways. Such a trutfss erX|bI_e and efficient it is. We now present the specific se
should carry thousands of low bandwidth VoIP calls at arfjf constraints for each recovery scheme. _

given time. Hence, when necessary, the flow carried by this!he Specific set of constraints for the LR scheme is:

trunk can _be divided intp smallgr sub—flpws, each carrying(LR_l) yfcp > yjﬁ Vfe FVec E {elec E,e#é

only a portion of the traffic. Allowing multiple LSPs to back ’ ©
up a single primary LSP is especially attractive when no
single backup LSP can accommodate the entire flow demand.
However, multiple backup LSPs incur more signaling ancestathe above set of constraints ensures that the backup LSP of

ande is not a downstream edge of
along Py }.

overhead. f for & = (u,v), assuminge € Py, will follow the primary
Theorem 1: S-PRFP is inP for all recovery schemes dis-LSP all the way from the source te. From nodeu to the

cussed in Section |. destination node, the backup LSP is not constrained.

Proof The specific set of constraints for the RLR scheme is:

To show this, we formulate the problem as a linear program. - ) _ _
We first present the constraints of the problem that are com(RER™L) Vge = ¥y Vf € Ve € B, lele€ B,e # e}

mon to all recovery schemes. Then, we present additional @ R-1 is similar to LR-1, except that it also ensures that if
straints for each individual scheme. We define the following backup LSP protects against a failure of edge (u,v),

variables: it will follow the primary LSP not only from the source to
« y§. — the fraction ofd; routed over edge when edgez  but also fromv to the destination.
fails; when no edge fails; = ¢. Since S-PRFP allows the traffic of the failed primary LSP

» x; — the total routed fraction of ;. to be split between several backup LSPs, RLR may use an



Recovery schemes
GR LR | RLR | FLR | EKFLR | UR

S-PRFP ‘P (Theorem 1) ‘P (Theorem 1) P (Theorem 1) | P (Theorem 1) | P (Theorem 1) | P (Theorem 1)
(Sec. llI-A)

NP-C NP-C NP-C NP-C NP-C NP-C
U-PRFP (Theorem 2) (Theorem 2) (Theorem 2) (Theorem 2) (Theorem 2) (Theorem 2)
(Sec. -B) |['no |E|2 “-apx. | no |E|Z ‘-apx. ? ? ? no |E|Z “-apx.

(Theorem 3) (Theorem 3) (Theorem 3)
S-RFP ? ? ‘P (Theorem 6) | P (Theorem 6) | P (Theorem 6) ?
(Sec. 11I-C)

NP-C NP-C NP-C NP-C NP-C NP-C
U-RFP (Theorem 4) (Theorem 4) (Theorem 4) (Theorem 4) (Theorem 4) (Theorem 4)
(Sec. -C) |'ho |E|2 “-apx. | no |E|Z “-apx. ? ? ? no |E|Z “-apx.

(Theorem 5) (Theorem 5) (Theorem 5)

TABLE Il

SUMMARY OF THE COMPUTATIONAL COMPLEXITIES OF THE PROBLEMS

unbounded number of backup LSPs for each link failuréhe links of the primary LSP. On the other hand, GR requires

Hence, it is easy to see that an optimal solution for the FLiRe same set of backup LSPs to protect against all possible

scheme and for the EKFLR scheme can be produced fromfaitures on the primary LSP, whereas LR imposes no such

optimal solution for the RLR scheme. Hence, there is no neeastriction.

to specify special constraints for these two recovery se&sem
The specific set of constraints for the GR scheme is: ~ B. The Unsplittable Primary-restricted Restorable Flow Prob-

lem (U-PRFP)

GR1) 4 =0 ve eg’{ﬂf €Fee by} We now address theUnsplittable Primary-restricted
(GR-1) 5. S 0 ,ihe f Restorable Flow Problem (U-PRFP). There are two differ-
= Yfe otherwise ences between U-PRFP and S-PRFP. First, in U-PRFP, a

(GR-2) yf. —yf.=Ayj, VfEFVeeckE

i revenue can be obtained for a flow only when its entire demand
(GR-3) Ay} = Ayl Vf e F,Vei, é € Py

is satisfied. Second, in U-PRFP, the traffic of each flow can be
wheree; immediately restored using only a single backup LSP. We now address the
follows &, on Py, Ve € E. computational complexity of U-PRFP. In the decision varian

The set (GR-1) of constraints ensures that the backup L sth's p_roblem, we are given a numpKr and ask whether
of every flow whose primary LSP crosses the failed ed ere exists a feasible solution that yields a revenue eigual
must be edge disjoint with the primary LSP. The set (GR- larger tha_ . .

: . . z , Theorem 2: U-PRFP is N’P-complete for all recovery
introduces auxiliary variableAy? . Each of these Va”ablesschemes

represents the difference between the bandwidtlf ebuted :

on the primary LSP, and the bandwidth ¢fto be routed TPOIZIZ?: [b?’es]shown using a simple reduction from the knapsack

on the backup LSPs that protect the flow against the faiIu‘r)e.I.heorem 3 U-PRFP for GR. LR. or UR schemes cannot
of edgee. This difference yields a circular traffic flow thatbe a roxim.ated withir|1E|1/2*5’ unIéssP = NP
traverses the backup LSPs from the source to the destina Bo1|‘o P B '

a][]d thet p.“Tary LSP '?htrlef reverieﬂdlret?on. The stet f(GR' e start by showing that U-PRFP for GR, LR, or UR schemes
of constraints ensures that for each flow the same set of pac n be reduced from the Unsplittable Flow Problem (U-FP)

LSIES 'ﬁ uf;d totprfotect .?.” the ef'g?st a]!on?hthzlgnmgry L 16], [7]. An instance of U-FP contain& = (V, E), u., F,
inally, the set of specitic constraints for the scheme | ¥, wy and K, which are all the same as in U-PRFP. The

target is to route a subsét’ C I of the flows such that their
demands are fully satisfied and the edge capacity congraint
This set ensures that if the failed link is not included in thare met. Each routed flow must use a single path. The question
primary LSP of a flow, then the backup LSP is identical tis whether there exists such a subsétwhose total revenue
the primary LSP. Otherwise, the set of backup LSPs has igogreater thank.
constraint. O We consider an instance of U-FP and show a reduction to an
From the above discussion it is obvious that RLR imposésPRFP instance for the GR scheme. In the following we add a
more constraints than LR. Hence, we expect LR to perforauperscript to all the parameters constructed for U-PRFP. Let
better. In addition, it is clear that UR outperforms all titeey G™ = (V", E") be a directed graph with™” = V U {uy, us}
recovery schemes. However, it is not clear from the aboe®dE” = EU{(v,u1), (uz,v)|v € V}U{(u1, us2)}. For every
discussion whether GR outperforms LR, or vice versa. On thes E, let u! = u.; otherwise, letu! = co. Figure 2 depicts
one hand, LR is more restricted in that its backup LSPs must.
follow the route of the primary LSP all the way to the failed Let F'" = F. For each flowf € F", letd} = d; andw} =
link, whereas the backup LSPs of GR must only avoid usingy. For everyf = (sg,ty) € F", let P} = (sp,u1,u2,ty).

(UR-1) 5, >y}, VeecENfeF.e¢Py.



Theorem 5: U-RFP for GR, LR, or UR cannot be approx-
imated within|E|/2=¢ unlessP = N'P.
A similar reduction to the one presented in Theorem 2 for U-
PRFP using GR, LR and UR can be used to reduce U-FP to
U-RFP. The only difference is that the reduction does not set
the primary LSPs for the flows. This is a suitable reduction,
(a) an example oy (b) an example of>" because if there exists a solution for U-FP with a revenue
greater thank, then there must exist a solution for U-RFP
with a revenue greater thai” that routes all primary LSPs
over (uy,us) and all backup LSPs over the routes used in

Namely, for every flow we construct a primary LSP that passgéetU'FP S,?qut']flm' I tr;]ere exists a ;olutlont fOZHL;'FiE P that
through the new vertices. Note that these paths do not pégg €s a set of Tows whose revenue 1s greater iiianthere
through the original edges @f. Finally, we defineK” = K. must exist a routing that does not go through, u,) for the

It is easy to see that this U-PRFP instance can be construcgélg;l?efrlot\;]v;gence’ there is a solution for U-FP with a revenue

in polynomial time. The ab duction is al imabilit :
In the constructed U-PRFP instance, the failed gdgeu-) Th ef above ]Ee l‘l'JC IIDOIQFI; ;go_apﬁrox[{rrr:at U){qglrbi_s@e)rvmg.
constrains the maximum revenue for any feasible solution. | < c ore, as for Y- IS IMples that - .

Fig. 2. An example of the reduction in the proof of Theorem 3

. i ithihf|1/2—e
is easy to see that any feasible solution for U-FP is equ'ltlaI¢§161_:_‘rj1 o ap%r.ognl;a;i W'th'mg ; |§LR FLR d EkFER
to a feasible backup routing for U-PRFP under such failure.h coremo. 5 IS in 7 for ' » an
Hence, the existence of a solution for U-FP with a revenue emes.
roof sketch

more thank implies the existence of a backup routing for th
U-PRFP instance with a revenue of more thih, and vice
versa.

he linear program constraints for S-PRFP with RLR do
not depend on the primary LSPs. Thus, we can use this
A similar reduction can be used to show that U-PRFP iglear program for S.'RFP without the set of constraints JC-3
at restricts the primary LSPs. Hence, we get that S-RFP
NP-complete for the UR or LR schemes. ) . C .
ith RLR can be solved in polynomial time. As noted in

The above reduction is an L-reduction with the constanﬁé . . . . .
. : ection IlI-A, it can be easily shown that the optimal sauos
a = [ = 1 [34], because any feasible solution for a U;

FP instance has the same value as for the constructedfﬂ-S_RFP with RLR, FLR and EKFLR are the same. This is
because, in S-RFP, there is no bound on the number of backup

PRFP instance. In [34] it is shown that an L-reduction i O
an approxmgblllty preserving redgctlon. I-_|ence, using the Note that Theorem 6 improves the results presented in [11],
above reduction, every approximation algorithm for U-PRFP ;
can be translated to an approximation algorithm for U_F\ghere only an FPTAS was shown for S-RFP with RLR.
To formulate the S-RFP using the other recovery schemes

with the same approximation ratio. This implies that thet beg?R, LR, and UR) we need to use path-indexed variables,

approximation ratio that can be achieved for U-PRFP is "Ramely variables that indicate for each flow the routed band-
worse than the best approximation ratio that can be achieveg"Y : . ;
for U-FP. Since U-FP is\"P-hard to approximate within width on every possible path in the graph. However, since the

|E|1/2-< (see [6]), U-PRFP with GR, LR, or UR is alsgP- number of such paths is exponential in the size of the graph,
hard to approxim:alte withifg|1/2-¢ T it is not easy to solve this formulation in polynomial timeeW

therefore leave the complexity of S-RFP with GR, LR and UR
open for future research.

C. The Unsplittable and Splittable Restorable Flow Problems
(U-RFP and SRFP) IV. ALGORITHMS FORU-PRFPAND U-RFP

We now address thensplittable Restorable Flow Problem  A. Approximation Algorithms

(U-RFP) and thexplittable Restorable Flow Problem (S-RFP). e now present approximation algorithms for U-PRFP and
Recall that the goal of these problems is to establish NQIRFP for the case where edge capacities are all equal and
only the backup, but also the original (primary) LSPSs. U-RFfpe handwidth demand of each individual flow does not exceed
establishes one primary LSP for every flow, and one backpgif of the edge capacities. While these assumptions are not
LSP for every failure event along the selected primary LSRyays realistic, these algorithms have theoretical value

A revenue is obtained for an admitted flow only if its entirgy thejr worst case performance guarantee. The presented
demand is satisfied. In contrast, S-RFP can split the traffigyorithms guarantee an approximation ratio| &11/2. The

over several primary LSPs. Every edge along these LSPS giorithms are similar to those presented in [7] for U-FR, bu
be protected by several backup LSPs. The demand of evRige a different analysis. The algorithms can be used with
flow can be partially satisfied, in which case only part of thgyery recovery scheme, and are based on the following simple

revenue is obtained. observation.
Theorem 4: U-RFP is N'P-complete for all recovery  Opservation 1: If the load on each edge does not exceed
schemes discussed in Section |I. half of the edge capacity, following a single failure evefl

This is a trivial consequence of Theorem 2. can be fully restored using arbitrary backup LSPs.



We first present the algorithm for U-PRFP. The algorithithe proof is similar to the one presented in Appendix A for
begins by solving a similar problem, called ti@plittable Theorem 7. It is omitted for lack of space.
Primary-restricted Flow Problem (S-PFP). In this problem As for U-PRFP, by Observation 1, the flows admitted by
each flow can only be routed along a primary LSP given ihe algorithm can be fully restored in the face of a singlé& lin
advance, and restorability is not considered. Moreovethis failure using any recovery scheme. It can also be shown that
problem a flow can be only partially satisfied. A linear progra wg -, must be greater than the optimal value for U-RFP with
for the problem follows. The edge capacities are denoted hyly recovery scheme. Therefore, the algorithm guarantees a
u. We use the same variables as defined in Section Ill:  approximation ratio ofD(|E|'/?) for U-RFP.

Maximize " w;s-xy

subject to the following constraints:

B. Heuristics
(S-PFP-1) Yo e V,Vf € F

The algorithms presented earlier for U-PRFP and U-RFP

x v=t
S y¢ -3 y¢ _ _fxf v — S; have theoretical value due to their worst case performance
esluw)Afe Sremlow) T 0 else guarantee. However, we expect that their average perfaenan
(S-PFP-2) Ef dy .y?e <u Vec E will not be sfa_trsfactory, since _they only utrlrz_e up to hatftbe
(S-PFP-3) 4% — 0 Vf € FYed Py edge capa(.:rtres. Moreover, since the algorithms do notnﬂape
fe ’ J on a specific recovery scheme, performance of the various

(SPFP-4) 0<a;<1,0<y}, <1 Vec EVfE€F  gchemes cannot be compared. Therefore, in this section we

The approximation algorithm solves this linear program argtesent heuristics that are based on the above approximatio
applies a randomized rounding procedure that yields aisalutalgorithms, but yield better average performance and alisw
for U-PRFP. Letr’; be the value given by the optimal solutionfo compare the performance of the various recovery schemes.
of the linear program to the variable;. The algorithm then Due to lack of space we only present here the heuristic
routes each flowf over the primary LSP with probability for U-PRFP. However, it can be extended to U-RFP in a
/v, where~ is a constant larger than 1. straightforward manner.

Theorem 7: By choosing a proper value for, there exists  The heuristic begins by solving the linear program presknte
a deterministic algorithm, based on the above randomized om Section IV for S-PFP. Let:% be the value given to the
which produces a solution in which the load imposed on evevariablex ; by the optimal solution of the linear program. We
link does not exceed half of the link capacity, and the tot#then sort the flows in a non-increasing orderugf/d;. Then,
revenue is lower bounded 8Y(w$ o/ |E|'/?), wherew? orp  for each flow, we apply the randomized rounding procedure
is the value of the optimal solution for S-PFP. presented above for the U-PRFP approximation algorithm. If
The proof is presented in Appendix A. the flow is selected by the randomized rounding procedure,

By Observation 1, the flows routed by the algorithm cawe verify that (a) the flow can be routed on its primary
be fully restored in the face of a single link failure usind.SP without violating the capacity constraints, and (b)tfee
any recovery scheme. It is obvious tha} ... is greater than chosen recovery scheme, feasible backup LSPs that do not
the optimal solution for S-PRFP with any recovery schemeiolate the capacity constraints also exist. If both cdndi
Hence,wg pepis also greater than the optimal solutions for Uhold, the flow is admitted along with its backup LSPs. If there
PRFP with any recovery scheme. We can therefore conclugle several feasible backup LSPs, the shortest one is eglect
that the algorithm can be used as an approximation algorithmThe version for U-RFP is the same as the version for U-
for U-PRFP with an approximation ratio ¢#(|E|'/?). PRFP. However, for U-RFP the heuristic solves the linear

Next, we present an algorithm for U-RFP with an approxprogram of S-FP (as presented in Section 1V) and continues
mation ratio ofO(|E|'/2). The algorithm begins by solving thewith the randomized rounding procedure presented above. If
Splittable Flow Problem (S-FP). In this problem primary LSPsthe flow is selected by the randomized rounding procedure,
are not given in advance, and restorability is not consitlerave first verify that there is a primary LSP over which the
The linear program for this problem is the same as the ofiew can be routed without violating its capacity constraint
presented above for S-PFP, but without the set (S-PFP-3)iefaddition, we verify that for the primary LSP and chosen
constraints. After finding an optimal solution for this lare recovery scheme, feasible backup LSPs that do not violate th
program, every flowf is routed over a possibly empty seicapacity constraints also exist. If both conditions hdie, flow
of I'y LSPs. Each LSP i’y carries a fractionz}, of the is admitted along with its primary and backup LSPs. If there
demand, wheré < k < [I';|. The algorithm chooses to routeare several feasible primary or backup LSPs, the shortest on
the entire demand of flowf on thek-th LSP with probability are selected.
sz/'y, independently of the other LSPs Ity. If more than
one LSP is chosen, only one is arbitrarily selected.

Theorem 8: By choosing a proper value for, there exists
a deterministic algorithm, based on the above randomized on In this section we evaluate the performance of the algo-
which produces a solution in which the load imposed on everighms presented in Sections Il and IV for the various resgv
link does not exceed half of the link capacity, and the totathemes. We use the BRITE simulator [35] to simulate MPLS
revenue is lower bounded 8y(w$ /| E|'/?), wherews (pis  domain topologies according to the Barabasi-Albert model
the value of the optimal solution of S-FP. [36]. This model captures two important characteristics of

V. SIMULATION STUDY
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Fig. 3. The relative performance for OPT-S-PRFP for variolBL® domains

network topologies: incremental growth and preferent@i-c average number of flows originated by each router.
nectivity of a new label switch router (LSR) to well-connett  ag expected, it is evident from all three graphs that UR
existing LSRs. These characteristics yield a power-laweg yie|ds the best performance while RLR yields the worst. In
distribution of the LSRs. addition, Figure 3 shows that GR yields higher revenue than
To validate our results, we also use actual ISP topologi@sR. However, the performance of UR, GR and LR differs
as inferred by the RocketFuel prOjeCt [37] The bandWld@rﬂy margina”y (50/0 on the average), whereas RLR |ags
for each link is based on the results reported in [38]. Foheagehind by about 15%. It is also evident that the performance
synthetic or real topology, we generate a set of flows acngrdigifferences for the domain with 20 LSRs and average degree
to a power-law distribution. A network topology and a set ajf 5 are small (Figure 3(b)). This is attributed to the very
flows form together one simulation instance. In the case &fort length (usually one or two links) of the primary LSPs,
PRFP, the simulation instance also contains the primary L@fhen established over shortest paths, in such MPLS domains.
for each flow. For the primary LSP of each flow, we select theonsequently, the differences between the various regover
shortest path. For each simulation instance, we deterrhiee §chemes cannot really be expressed. Since the domain with 40
backup LSPs using the following algorithms: LSRs and average degree of 3 (Figure 3(c)) has longer primary
1) An optimal algorithm for S-PRFP that solves the lined¢SPs, the differences between the recovery schemes are much
program presented in Section Ill-A. In the following,more visible. For instance, there is a difference of up to 20%
this algorithm is referred to as OPT-S-PRFP. between UR and RLR. In addition, in larger domains there are
2) An optimal algorithm for S-PFP that solves the lineamore backup LSPs to choose from. This further widens the gap
program presented in Section IV. In the following, thi®etween the more flexible and the less flexible schemes.

algorithm is referred to as OPT-S-PFP. It is also evident from all the graphs in Figure 3 that the
3) The heuristic for U-PRFP presented in Section IV-Byenalty associated with building backup LSPs increaselseas t
based on the approximation algorithm for U-PRFP. lgffered load increases. This can be intuitively explaingd b
the following, this algorithm is referred to as HEU-U-the fact that a more heavily loaded network requires thaemor
PRFP. flows be rejected in order for backup LSPs to be established.
4) An optimal algorithm for S-RFP that solves the lineakoreover, the penalty of the backup LSPs is much higher for
program presented in Section 1lI-C (using RLR). In themaller domains, or for those with lower average degree. For
following, this algorithm is referred to as OPT-S-RFP. example, the relative performance of UR in the domain with
To solve the various linear programs, we use the_s_[pjve 20 LSRs and degree of 3 ranges between 0.67 and 0.85, where
software [39]. in the other domains it ranges between 0.73 and 0.95. This can
We start by evaluating the various recovery schemes usipg attributed to the fact that in the larger or denser doras
the OPT-S-PRFP algorithm. Figure 3 depicts the results faimber of possible backup LSPs is higher, and the recovery
three types of MPLS domains: (a) with 20 LSRs whos&cheme may be able to choose backup LSPs that allow more
average node degree is 3 links; (b) with 20 LSRs whod@ws to be admitted.
average node degree is 5; and (c) with 40 LSRs whose averaghlext, we evaluate the performance of the heuristic for U-
node degree is 3. To compare the performance of the variRRFP. In this case, we use a different relative performance
recovery schemes, we use a relative performance metric: thetric: the ratio between the revenue of flows admitted by
ratio between the revenue of flows admitted by OPT-S-PRREfe U-PRFP heuristic and the revenue of flows admitted by
and the revenue of flows that can be admitted when @PT-S-PRFP using the same recovery scheme. This relative
backup LSPs have to be established (OPT-S-PFP). Thisvelaperformance metric indicates the penalty incurred due ¢o th
performance metric indicates the “penalty” incurred by thimability to split the traffic following a failure. The metriis
restoration requirement. This metric is represented byythe represented by thg-axis of the graph in Figure 4, while the
axis of all the graphs in Figure 3, while the offered load is-axis represents the offered load. Figure 4 depicts thdtsesu
represented by the-axis. The value of the offered load is thefor the same three types of MPLS domains used for Figure 3.
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Fig. 4. The relative performance of the heuristic for U-PRBPVarious MPLS domains

For the EKFLR scheme, we uge= 2.

Figure 4 suggests that in most cases the relative penalty of
a single backup LSP while using the GR scheme is slightly
smaller than for the other recovery schemes, including tRe U
scheme. This means that the performance difference betweeng
the unsplittable and splittable cases is smaller for GR than
for the other recovery schemes. This may be explained by the £ o7} 1
fact that GR is the only scheme that needs to find a single
unsplittable backup LSP for the entire primary LSP, whereas
the other schemes need to cope with the harder task of finding € %[ 1
several unsplittable backup LSPs.

RFP]
o
©

FP/OPT-S

0.75 1

U-U-

Relative Admitted Traffic

For almost all recovery schemes the performance difference 06 ‘ ‘ ‘
is marginal, and the heuristic exhibit excellent perforoen 5 10 15
and yield an average of roughly 80% of the optimal revenue. Offered Load
This implies that the cost of using a recovery scheme withF&. 5. The relative performance of U-PRFP using RLR in a netwaith
single backup LSP rather than several is only about 20% % -SRs and an average degree of 3
the revenue. In particular, the avearge relative perfoomad
EKFLR with & = 2 is almost the same as the average relative
performance of RLR. Since, as explained in Section Il-Ahbo hackup LSPs diminishes as the load on the network increases.
schemes have the same performance for OPT‘S'PRFP, therﬁhe results for the h|gher degree domainS, depicted in
is no real need to Sp“t the baCkup traffic into more than tV\4ﬁ|g 4(b)7 demonstrate the opposite behavior: the pena'ty
LSPs. In contrast, the average relative performance of ELRdecreases as the offered load increases. This is attributad
only about 0.65. The higher penalty implies that one backygct that the offered load induced a lighter congestion & th
LSP per link may be too strict. network compared to the former case. Therefore, the primary
For domains with 20 LSRs whose degree is 3 (Fig. 4(al)5SPs do not create bandwidth bottlenecks, and the increased
we see that when the offered load increases, the pendlgxibility of using several backup LSPs plays a more dominan
of the requirement not to split the flow decreases and thele. The results for domains with 40 LSRs with an average
performance of the heuristic is comparable to the perfoomandegree of 3, depicted in Fig. 4(c), exhibit the same behavior
of OPT-S-PRFP. This result is surprising, because we expastin Fig. 4(a). By significantly increasing the offered lpad
that in a highly loaded network the ability to split the traffi we created high congestion that leads to bottlenecks on the
of each flow across several paths would contribute both toutes of the primary LSPs.
the flexibility and to the performance. This result can be To give a more complete picture, we examine the perfor-
explained by the fact that for all flows we use the shortestance of HEU-U-PRFP and OPT-S-RFP when the restriction
path as a primary LSP. Due to the power-law distribution ef tton the primary LSP is eliminated and the flows can be split
flows, many primary LSPs traverse a relatively small numbépth for the primary and the backup LSPs. In such a case,
of links. Hence, when the network becomes congested, tine load imposed by the shortest-path primary LSPs on the
primary LSPs create bandwidth bottlenecks on these linkmttleneck links is reduced. Fig. 5 depicts simulation lssu
In a typical simulation instance, we found that roughly 80%or a network with 20 LSRs and an average degree of 3.
of the load on these links is attributed to the primary LSPH. shows the ratio between the performances of HEU-U-
Thus, despite of the ability of the optimal S-PRFP algoritom PRFP and OPT-S-RFP for the RLR scheme. As expected, as
back up more flows, many of these flows cannot be admittéte offered load increases, the penalty for using unsplédta
due to the lack of available bandwidth on their primary LSPgrimary and backup LSPs increases, and splitting the flows is
Hence, somewhat surprisingly, the effectiveness of ggiithe more profitable.
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We now evaluate the penalty of using a single primary
LSP for each flow. To this end we use the following relative & * ‘ " Avg degree =3 ——
performance metric: the ratio between the revenue of floass th @ Avg.degree =5
are admitted by OPT-S-PRFP and the revenue of flows that arg o
admitted by OPT-S-RFP using the RLR scheme. This relatives
performance metric indicates the penalty incurred whengusi
a single primary LSP set in advance. This metric is represent
by the y-axis of the graph in Figure 6, which depicts the
results for two types of 20-LSR MPLS domains: one with
average degree of 3 and another with average degree of 5.
is evident that as the offered load increases, so does tladtypen
for using a single primary LSP set in advance. This relation 2
is not surprising since a highly loaded network requires theg 05 : " "
traffic to be split into several paths in order to maximize the Offered Load
admitted traffic. _It is a_lso evident that the pena_lty_incams Fig. 6. The relative performance of S-PRFP using RLR
for a network with a higher average degree. This is because
a higher network degree gives more options for splitting the
traffic between two end nodes.

To validate the results from the synthetic graphs and power- added revenue (less than 10%).
law traffic distribution, we also present results for real AS « In non-congested networks, the added revenue is small
topologies, inferred by the RocketFuel project [37], and fo  for joint optimization of primary and backup LSPs (less
traffic demand distribution based on the Gravity model [40].  than 10%).

In this model, the offered load from node to nodewv is

proportional to the product of the total volume of trafficteng VI
u and the total volume of traffic entering The results for

these simulations are presented in Figure 7. The topologiedn this section we extend the results of the paper to the case
used are of the Exodus ISP, which consists of 80 routegnode failures. A node failure causes the failure of alle=ig
and 147 links, and of the Telstra ISP, which consists of 1i8cident to it. In particular, a failure of a single node maye
routers and 153 links. In Figure 7 we compare the recove@@wn two links along an LSP.

schemes using the following relative performance methe; t
ratio between the revenue of flows admitted by U-PRFP and .
the revenue of flows that can be admitted when no back%p The Splittable Problems (SPRFP and SRFP)

LSPs have to be established. This metric, represented by th&-PRFP for node failures is iR. To show this we change
y-axis of the graphs in Figure 7, reveals the penalty incurréae linear program for link failures presented in SectidpAll
by both the restoration requirement and the use of a singflethe following ways. First, the variablg}, indicates the
backup LSP. It is evident that the comparative performarice fsaction of demand of flowf routed over edge: after a
the various recovery schemes in both topologies is similar failure of nodev. When no node failsy = ¢. The constraints
what we found for the synthetic graphs and power-law traffresented in Section Ill-A are changed as follows:
distribution (see Figures 3 and 4). Namely, GR outperforms

0.8
0.7

0.6 Tl i

e Admi&ed Traffic [OPT-S-P

. NODE FAILURE

LR, and EKFLR (withk = 2) is close to RLR. It is interesting Cc1 T T - J;’f :; v = ty
to note that in the Telstra topology the performance of the e=(u,v) Yfe e=(v,u) Yfe = 0 zy t;} =95
various recovery schemes is worse than in the Exodus topol- Vo V.V € Fo e (V.6) otherwise
ogy. Moreover, the difference in the performance gainedby t C2) 3.d e _ q:b ) Ve < Vo € [V, 6}
various schemes is less noticeable. This can be attribotie t ¢f foYfe = Ue ’ )
Telstra’'s AS lower link degree, which substantially redutee ~ (C-3) ¥7. =0 VfeF\Neg Py
path diversity in the network. This, in turn, reduces thdigbi  (C-4) 5. =0 VfeF,VueV,
to construct diverse backup LSPs. ) e incident too

To summarize, the main conclusions we draw from the (C-5) 0<z; <1, 0<yj <1 Vee E,Vv e {V, ¢},

simulation study are: VfeF
« The performance differences between UR, GR, and LR B o _
are only marginal (5% on the average) while RLR is (LR-1) yj, >y}, Vf € F,Vo e V. {ele € E, e is not

considerably worse. Hence, LR should be the recovery downstream upstream neighborof
scheme of choice due to its short restoration time. along Py}
o If low administrative overhead is the main goal, EKFLR )
with k=2 should be preferred over RLR. (RLR-1) vy}, > y;‘fe Vfe F\Vo eV, {ele € E,eis not
» Heuristics U-PRFP achieves close to optimal revenue. incident tov}

« When the primary LSPs are set in advance in congested
networks, splitting the backup LSPs yields only a small (UR-1) yfée > yjfe VoeV,Vec ENNfeF,u¢ Py



12

Relative Admitted Traffic [HEU-U-PRFP/OPT-S-PFP]
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5 10 15 20 25 30 5 10 15 20 25
Offered Load Offered Load
(a) Exodus ISP, 80 LSRs with average degree of 1.8 (b) Telstra ISP, 115 LSRs with average degree of 1.3

Fig. 7. The relative performance of U-PRFP using the vari@esvery schemes for real ISP topologies and for traffic demgadsrated according to the
Gravity model

= 0 Yo eV, ) does not exceed/(r™+1). Using analysis as in Appendix A,
(GR-1) 47 {If € F,v e Py}, it can be shown that the load imposed by the algorithm does
fe o ec Py not exceedu/(r™ + 1) and its maximum throughput is not
> Yse otherwise lower thanQ(w* /| E|'/?).
(GR-2) 4}, —yf. =Ny, VfEFVoeV,
Ve € E VII. CONCLUSIONS
(GR-3) Ayfc; = Ay?i Vf e F,Yu,02 € Py We presented the first comprehensive study of maximizing
where v, immediately restorable throughput in MPLS networks. We focused on the
follows v, on Py, establishment of backup LSPs when the primary LSPs are
Ve € E already set. We showed that the splittable version of the

As for link failures, S-RFP for the RLR scheme can bgroblem is inP while the.unsplittat')le Veﬁif_r: i§"P-complete
solved using the constraints (C-1), (C-2), (C-4), (C-5)darfNd cannot be approximated withii]’ * ‘. We gave an
(RLR-1). algorithm with an_apprOX|mat|on rat|q QE|_ for the case

where the bandwidth demand of an individual flow does not
. exceed half of the edge capacities. We developed two pahctic
B. The Unsplittable Problems (U-PRFP and U-RFP) and efficient heuristics that were shown to achieve excellen

U-PRFP and U-RFP ar&P-complete. This can be shownperformance. Using simulation, we compared the performanc
USing the same reduction presented in Section IlI-B fromFU'Fof the various MPLS recovery schemes. We showed that
The maximal revenue in the constructed instance of U-PRFAR should be the scheme of choice since it has the fastest
upper bounded by the maximal revenue when one of the noggstoration time and almost the same performance as the best
added by the reduction fails. This revenue is bounded by thgr) scheme. In addition, we showed that if reducing the
maximal revenue for the U-FP instance, and vice versa. Th@ministrative cost is the main concern, EKFLR with= 2

reduction is also approximability preserving, implyingath should be the recovery scheme of choice.
in the case of node failures, U-PRFP and U-RFP cannot be
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APPENDIXA
A PROOF FORTHEOREM7

The proof is similar to the proof of the approximation ratio
of |E|'/? for U-FP presented in [7] except that our aim is
to bound the load on every edge to 1/2 rather than 1. We
analyze the randomized rounding process in the approamati
algorithm for U-PRFP. The purpose of this analysis is to show
that by choosing an appropriate the load imposed on every
edge does exceed half the edge capacity, and the total evenu
is not less tham(wg pey/ | E|/?).

Let z; be a Bernoulli random variable for choosing flow
f. The success probability af is «* /. The expected total
load imposed on every link € £/ by the end of this process
is

BlL)=E[Y diE= Y dszj/y<u/y. (1)
ile€ Py ile€ Py

The inequality follows from constraints (S-PFP-2) in theskr
program. For the sake of simplicity, we scale the demands and
capacities such that = 1.

For everye € E, let £; denote the “bad event” that
L. > 1/2. We now construct well-behaved estimators for these
events. Consider first the case, whége< 1/4 holds for every
f. Defined; = 4d; and L, = ¥, . p, ds3; for all e € E.
From (1) it follows thatu = E[L.] < 4/~. From [7] we know
that a possible well-behaved estimator &y is x.:

- Hi|eePf(1 + §)dses
Xe = @ gyt
whered = 2/ — 1. From [7] we also know that
Elx.] < G(4/v.7/2 1),

17
whereG(p, 6) = ((H;)%
Next, consider the case whedg > 1/4 for every f. In
this case, the everdt; holds, if and only if more than 2 flows
whose primary LSP traversesare chosen. From [7] it can be

shown that a well-behaved estimator #f is x?2:

X2 = wz({ff\e € Pf}),
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Us(z) = Z Ziy Zigy TOF (21,22,...,2n) € R" if we are to avoid all the bad events. Again, for a suitably
1<iy<iz<n large constantc, and from the same considerations given

above,y = c|E|/w* satisfies the inequality of Eqg. 3. Thus,

E[x2] = 8/~2, must hold. from Theorem 9 follows that ifw*(I;) > w*(Iy), we can

Next, we construct a proper estimator for the bad evefificiently selectzfeasible paths fglj with objective function
“w(T) < w*(T)/(27)", where w(T) = 3, pw;zs, and VAW (11)*/|B]) = Q((w")*/| E]). )
wHT) = Y,cpwpas. We know thatu, = Efw(T)] = To conclude the proof we need to show téw*/+/|E|)

w*(T)/~. From [7] follows that a proper estimator for thePound. Ifw* > (/| E|, this bound immediately follows from

above bad event is the Q((w*)?/|E|) bound. If w* < /|E|, we can simply

Since in this case Eq. (1) implies th@jileepf Elzs] <4/,

~ choose to admit a flowf for which wy = 1. m
Yu(T) = [Licr (1 —d1)"r®s
¢ (1 —dp)mai=o0) ~ APPENDIX B
where i1 (1 — 6;) = w*(T)/(2y). From [7], it is also known EXTENSION TOMPLS OVER WDM LIGHTPATHS
that Due to space constraints, we show here only how to extend
Elxw] < Hw*(T)/v,1/2) the linear program of Section IlI-A. The extension of theesth

linear programs is similar. When a flow enters a lightpath, it
can leave it only at the lightpath’s egress node. L.etenote
e set of (physical) links composing lightpath and yjfe
denote the part oi/;ie traffic that traverses lightpath The
following constraints should be added to the linear program

where H (p, 8) = e~ 19°/2,

Before proceeding to the approximation ratio of the alg
rithm, we present the following theorem from [7]:

Theorem 9: Let E4, Es,..., E; be events ana, s be non-
negative integers with + s < ¢ such that: .

« E1,B»,...,E, are all increasing, with respective well- (0-1) > v, =yj. Vf€F VeecFE

behaved estimatorg, g», . . . , gr; (0-2) yf., =vf, VIfeFVeekEViVe, e €l
e Ery1,..., B, are all decreasing, with respective well- (0-3) v}, =0 Vf € F,Ve € E,Vi,Ve ¢ ;
behaved estimatorg. 1, . .., grs; _ _ Constraints (O-1) ensure that the sum of the traffic carried
* Erisir..., By are arbitrary events, with respectivey er g the lightpaths on a certain link is equal to the total
proper estimatorg,ts+1, 92, - - -, 9t; _ _  traffic traversing this link. Constraints (O-2) ensure thfae
« Forevery;, E; andg; are completely determined bY. 506y nt of traffic carried by a lightpath is equal on all théin
Then, if composing this lightpath. Finally, constraints (O-3) eesihat
r T+s t no traffic traversing a lightpath is carried over links theat a
1I-(J[a=E'lg)+1-( [] 0=E'lg])+ >  F'la} <1 notincluded in that lightpath.
=1 1=r+1 r+s+1
holds, whereE’(-) = min{E(-), 1}, we can efficiently con-
struct a deterministic assignment f& under which none of
Ey, Es, ..., E; holds. Note that: (a) empty products are taken Reuven Cohen (M'93, SM'99)received the B.Sc.,
to be 1; (b) If there igy; such thatE[g;] > 1, then the entire chéS%?ﬂgi g’ nh'_DI'SS:EIrfﬁ;&&g%?%ﬁg%;;yci g:;’fn
product is equal to 0. pleting his Ph.D. studies in 1991. From 1991 to
We continue by showing th&((w*)2/|E|) bound. Letl, pEace 1993, hes_was Vfg;?fheh'Ba" T3 Watson Research
be the subset of flows for which traffic demand is at most Here th‘znggpar't’;f:m of éomeputgf o e e
1/4 and I, = I/I,. We first assume thaﬁ/?] < w?oi .e., nion. He has also been a consultant for numerous
wy, > w* /2. Since the event§, are increasing, avoiding the companies, mainly in the context of protocols and

architectures for broadband access networks. Dr.
Cohen has served as an editor of the IEEE/ACM
Transactions on Networking, and the ACM/Kluwer Journal orireléss
P! / Networks (WINET). He is also the chair of the Technical progr&om-
_ — < 1. - ;
I (H(l E [XSD> + Exw(lo)] <1 2) mittee for Infocom 2010, and the head of the Israeli chaptethef IEEE
Communications Society.

bad events would require

e

For a suitably large constant v = ¢|E|/w* satisfies the
inequality of Eq. (2), since:

Elxw(lo)] < H(w"(Io)/v,1/2) < H(w"/(27),1/2).

Gabi Nakibly received the B. Sc. in Information
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